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3. INTRODUCTION

The current geopolitical landscape has prompted discussions regarding Europe’s
energy security. The European Commission has taken steps to diversify energy
sources and proposed a strategic policy shift that aims to displace a significant
portion of fossil fuels with green hydrogen [1]. This new energy policy could
accelerate the establishment of green hydrogen infrastructure across Europe.
Hydrogen fuel cells (FCs) offer a versatile energy solution as they can provide
clean energy across many applications, including electric vehicles, residential
homes, boats, and serve as backup power generators.

The focus is increasingly turning toward fuel cell electric vehicles (FCEVs)
[2,3], particularly in the heavy-duty transportation sector, and over the next
decade, FCEVs are projected to achieve cost competitiveness with battery electric
vehicles (BEVs). FCEVs and BEVs are not competitors but rather complemen-
tary technologies capable of utilizing renewable energy [4]. Although BEVs have
higher energy efficiency from a well-to-wheel perspective [5,6], FCEVs can offer
higher capacity utilization rates with quicker refueling times and better tolerance
to lower temperatures [7]. Thus, both BEVs and FCEVs contribute unique
strengths, emphasizing the need for an encompassing approach to our clean
energy future.

Despite significant progress in fuel cell design, their adoption still lags far
behind other devices like batteries, partly due to the expensive Pt-based catalysts
currently used in commercial fuel cells [8,9]. The scarcity of platinum will
inevitably pose a critical bottleneck during scale-up. Approximately 190 tons of
platinum is mined annually, and in modern fuel cells, a minimum of 0.1 g of Pt
per kW is required [10]. Moreover, platinum is heavily concentrated in South
Africa and Russia, raising significant geopolitical concerns [11]. Addressing
these challenges is essential for large-scale fuel cell implementation. Con-
sequently, intensive research is underway to develop alternative catalyst materials
that can mitigate the issue of raw material scarcity. Platinum group metal (PGM)-
free catalysts, usually prepared from organic precursors along with nitrogen and
transition metals sources, could provide a suitable alternative. In 2017, Ballard’s
FCgen-micro-NPMC, the world’s first proton exchange membrane fuel cell
(PEMFC) stack utilizing a PGM-free catalyst at the cathode, was commer-
cialized, a groundbreaking achievement in the field of fuel cells. It still employs
platinum at the anode, but replacing Pt at the cathode with a PGM-free catalyst
leads to an impressive 80% reduction in total PGM content for this stack com-
pared to its PGM-based counterpart [12]. However, achieving optimal perfor-
mance and durability for more demanding applications, such as automotive use,
will require further research.

As such, the aim of the research presented in this PhD thesis was to develop
PGM-free resorcinol-derived electrocatalysts for the oxygen reduction reaction
(ORR) for use in polymer electrolyte fuel cells. The catalysts were prepared from
either 5-methylresorcinol (SMR) or a mixture of alkylresorcinols (Honeyol™)
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obtained from Viru Keemia Grupp (Estonia). In the first part of the work,
catalysts were synthesized via pyrolysis of SMR-formaldehyde (FA) resins and
doped with nitrogen and transition metals (Fe and Co) [I]. In the second part of
the work, the precursor ratios were optimized to obtain the catalysts with the
highest ORR activity using one-pot synthesis with SMR as the carbon precursor
[II], and in the third part the addition of Ni was investigated to obtain bifunctional
catalyst materials for ORR and oxygen evolution reaction (OER) [III]. In the
fourth part of the work, Honeyol was used as the carbon precursor, and the
materials’ nanostructure was modified using a magnesium-based template [IV
and V]. In the fifth part of the work ionothermal synthesis with Honeyol in the
presence of Mg nitrate was used [VI]. The prepared catalysts were characterized
with various physio-chemical methods to gain insight into their active sites and
morphology. The effect of different dopants and the nanostructure of the
materials on the oxygen reduction activity was studied in half-cell tests via
rotating disk electrode or rotating ring-disk electrode methods. The synthesized
materials were also used as cathode catalysts in the anion exchange membrane
fuel cell (AEMFC) and proton exchange membrane fuel cell (PEMFC).
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4. LITERATURE OVERVIEW

4.1 Polymer electrolyte fuel cells

A fuel cell serves as a device that directly converts chemical energy of a fuel
(such as hydrogen) and an oxidant (e.g. oxygen) into three outputs: electricity,
heat, and reaction products (typically water). Among different types of fuel cells,
polymer electrolyte fuel cells (PEFCs) have been widely researched. PEFCs are
further divided into proton exchange membrane fuel cells (PEMFCs) and anion
exchange membrane fuel cells (AEMFCs), depending upon the ionomer and
polymer membrane employed (Figure 1). Although high-temperature variants of
these fuel cells exist (at operating temperatures above 100 °C), the predominant
research focus remains on those operating below 100 °C [13]. Due to their high
efficiency, safety, and the potential for rapid start-stop cycles, they are excep-
tionally suitable for portable applications, including the automotive sector [14].

During FC operation, the fuel is oxidized on the anode, in the case of hydrogen
fuel the reaction is called the hydrogen oxidation reaction (HOR). Simulta-
neously, the oxygen reduction reaction (ORR) is occurring on the cathode. In
PEMFCs, protons are conducted through the membrane, while in AEMFCs, OH™
ions are conducted instead. Since the membrane acts as an electrical insulator,
electrons traverse an external circuit, where they contribute to useful work. The
kinetics of the HOR are quite fast. However, the ORR is more intricate,
necessitating the transfer of four electrons per O, molecule. Additionally, the
ORR involves cleaving a double oxygen-oxygen bond, further contributing to
sluggish kinetics.

Atlow pH conditions (i.e. in PEMFCs) the ORR can follow either a 4-electron
pathway [15,16]:

O, +4H" +4e — 2H,0 Ey=1229V, (1
or a 2-electron pathway:

0, +2H; + 2¢” — H,0, Ey=0.67V, 2)
followed by further reduction of hydrogen peroxide

H,0, + 2H, + 2¢” — 2H,0 Ey=177V 3)
or disproportionation reaction

2H,0, — 2H,0 + 0, 4),

with all the standard potential (Eo) values given versus the standard hydrogen
electrode (SHE) at 25 °C.
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In alkaline conditions (i.e. in AEMFCs) the ORR can also proceed via two main
pathways. The 4-electron pathway:

0, +2H,0 +4¢” — 40H" Ey=0401V, (5)
or 2-electron pathway:

0, + H,O +2¢™— HO, + OH™ Eo=-0.065V, (6)
followed by further reduction of HO,

HO; +H,O +2¢ — 30H Ey=0.867V, (7)
or disproportionation reaction

2HO> — 20H + 0O, (8).

In fuel cells, the 4¢” ORR pathway is favored due to the potential risk posed by
hydrogen peroxide or hydroperoxide anions, which can corrode fuel cell com-
ponents if not further reduced [17].

Catalyst layer

0, +2H,0+ 4e — 40H"

Figure 1. Schematics of a PEMFC and an AEMFC, adapted from [18].
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The theoretical efficiency of PEFCs reaches 83%. However, practical realities
bring this down to approximately 40%, still more than double the efficiency of
today’s conventional internal combustion engines [5]. This discrepancy in theo-
retical and practical efficiency arises from several factors, which occur during the
operation of the fuel cell and cause the actual cell voltage to fall below the
equilibrium potential (1.23 V). Firstly, ohmic losses, which are dominant at inter-
mediate current densities and result from proton or OH™ anion transfer resistance
within the electrolyte. Secondly, mass transport losses that stem from lower
reactant concentrations at the electrode/electrolyte interfaces, which are particu-
larly pronounced at higher current densities. Finally, the activation losses which
are caused by the sluggish kinetics of the HOR and particularly the ORR. Cata-
lysts are employed at both the anode and cathode to accelerate the reactions and
reduce the activation polarization [9,19,20]. While the HOR proceeds efficiently
even with minimal catalyst amounts, the ORR demands significantly larger
catalyst quantities [21]. As a result, current research and development efforts
heavily emphasize the study and advancement of ORR catalysts [22].

A fuel cell stack is composed of multiple single cells, referred to as membrane
electrode assemblies (MEAs), which are typically tested using a single cell setup.
This setup consists of monopolar flow field plates and compression hardware that
interface the cell with the test station. The MEA comprises the anode and cathode
catalyst layers, which are deposited either on gas diffusion layers (GDLs), known
as gas diffusion electrodes (GDEs), or on both sides of the membrane, known as
catalyst-coated membranes (CCMs). The GDLs, usually made of carbon fibers
or carbon paper, serve to efficiently transport gases to and water from the
electrodes. The catalyst material consists of catalytically active particles (usually
Pt or its alloys) deposited on a carbon support along with an ionomer that provides
the ionic conductivity. The ionomer composition is usually similar to the mem-
brane to ensure compatibility. The GDEs or GDLs are then combined with the
membrane or CCM pressed together to obtain an MEA. The MEA is subsequently
sandwiched between flow field plates, which serve as further channels for gas
and water vapor transport. These plates are made of graphite or metal coated with
corrosion-resistant layers to withstand acidic conditions [23].

The polymer electrolyte membrane should exhibit high ionic conductivity,
chemical and thermal stability, low gas permeability, and feasible mechanical
properties, including good strength and flexibility. The balance between these
factors is crucial, for example, it should be as thin as possible to ensure good ionic
conductivity, but not so thin that it causes problems with gas crossover or
mechanical degradation [9]. The polymer membranes are chemically functio-
nalized to facilitate the conduction of protons or hydroxide ions. The specific
functional groups present in the membrane determine the environment within the
fuel cell. For instance, proton-conducting membranes typically feature sulfonic
acid functional groups, resulting in an acidic environment. Nafion™, developed
in the early 1970s, remains widely used in PEMFCs due to its excellent properties
[24]. In contrast, hydroxide-conducting membranes have not yet reached the
same technological maturity level. Initially, the primary concern with anion
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exchange membranes (AEMs) centered around their OH™ conductivity, which in
the early years was not able to compete with the H" conductivity of proton
exchange membranes (PEMs). Recently, however, the best-performing AEMs
have achieved ten-fold improvement in ionic conductivity, signifying substantial
improvements [25]. However, low durability still remains a common issue with
all AEMs [17]. Performance losses may arise from carbonation upon exposure to
CO; and degradation of the AEM through nucleophilic attack [17]. Consequently,
the selection of AEMs remains diverse, and a clear frontrunner has yet to emerge.
The absence of an available AEM standard, similar to Nafion in PEMFCs,
complicates performance comparisons across different catalysts. As seen from
Table 1, many different membranes, ionomers and experimental conditions have
been used in AEMFC tests, which makes it exceedingly difficult to compare the
results against each other.

The operational environment of a fuel cell imposes stringent constraints on
material selection. In PEMFCs, platinum-group metals currently dominate due to
their robust stability. However, ongoing research aims to develop cost-effective
alternatives to platinum. PGM-free catalysts based on nitrogen and inexpensive
transition metals (Fe, Co, Mn) have shown promising performance, with the best
results obtained with H»/O, in PEMCFs displaying a maximum power density
(Pomay) of slightly above 1 W ecm™ [26,27], which is somewhat lower than the best
AEMEFC results (see Table 1). In addition, PGM-free catalysts face significant
challenges in the harsh acidic environment, due to their low stability [28]. Thus,
PGM-free catalysts may find greater success in AEMFCs, as these materials
generally exhibit better stability and activity in alkaline conditions [29,30].
Different PGM-free materials and their synthesis approaches are discussed in
more detail in Section 4.3.
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Table 1. AEMFC performance of resorcinol-derived cathode catalysts prepared in this
Thesis, compared against other transition metal based PGM-free cathode catalysts found

in the literature.

Cathode Anode Cell P
Cathode catalyst loading loading Membrane temp. | i 2 Ref.
(mgem?) | (mgpwa cm?) cc)y |(Wem

FeCoNC-OP 2.0 0.60 HMT-PMBI 80 0.41 [11]
FeCoNC 0.96 0.57 LDPE 55 0.42 [IV]
FeCoNC-MgOAc 0.96 0.57 LDPE 55 0.92 |[IV]
FeNC-LT 0.90 0.75 FAA-3-05-RF 80 0.25 [VI]
Fe-N-C 1.00 0.60 HDPE 80 2.05 [31]
Fe-Mn-N-C 0.8 0.40 PAP-TP-85 80 1.3 [32]
0O-FeN4C-O 0.8 0.40 PAP-TP-85 80 1.2 [33]
Fe-N-PDC-HA 1.1 0.60 Xion Pention 80 1.1 [34]
CoFe/VC 24 0.70 LDPE 70 | 135 |[35]
FeCoPc/C 0.30 0.70 LDPE 80 1.26 [36]
CoFe-N-CDC/CNT 0.75 0.74 ETFE 60 1.12 [37]
Feos-NHs 1.5 0.90 ETFE 60 1.10 [38]
Co-N-CDC/CNT 0.75 0.74 ETFE 60 1.06 | [37]
0o-Mn>0s3/Feos-NH3 1.2 0.90 ETFE 60 1.0 [38]
Fe-N-CDC/CNT 0.71 0.74 ETFE 60 0.88 [37]
FeCoN-MWCNT 0.75 0.70 FAA-3-05-rf 60 0.69 |[39]
FeCoNC(Mg) 0.62 0.75 FAA-3-05-rf 80 0.83 [40]
Fe/N/CNT 2.0 0.40 aQAPS-Ss | 60 | 049 |[41]
FeMn-N-MPC 2.0 0.80 HMT-PMBI 60 0.47 [42]
Fe-N-MPC 2.0 0.80 HMT-PMBI 60 0.46 [42]
Fe-Co-N-C 1.0 1.00 LDPE 60 0.42 [43]
FeN-SiCDC-0.5-400-

wet-PVP 2 0.80 HMT-PMBI 60 0.36 [44]
Fe/IL-PAN-A1000 2.0 0.60 HMT-PMBI 60 0.29 [45]
Fe-N-Gra 2.0 0.60 HMT-PMBI 60 0.24 [46]
Fe-N-C 2.0 0.60 HMT-PMBI 60 0.22 [47]
FeCN-S-800 3.0 0.80 FAA-3 50 0.125 | [48]
CoNPC-71 4.0 0.50 A201 60 0.068 | [49]
SiICDC/CNT(1:3)/CoPc | 0.7 0.70 ETFE 60 | 047 |[50]
TiCDC/CNT(1:3)/FePc 2.0 0.80 HMT-PMBI 60 0.18 [51]
Co-N-CDC/CNT mel 2.0 0.60 HMT-PMBI 60 0.58 [52]
FeNIN-MWCNT 2.0 0.80 Aemiont+ (10 um) | 65 0.41 [53]
CoFe-N-OMC/CNT 2.0 0.40 Aemion+(10 um) | 65 0.35 | [54]
MPF/Fe 1.0 040 | Aemiont (10 pm)| 65 | 035 |[55]
FelCol-ZNT-900 2.0 0.80 Aemiont+ (15 um) | 65 0.17 [56]
Fe@FeN—C 1.0 040 | Aemiont (15 um)| 65 | 024 |[57]
FeNSC2 2.0 0.80 Aemiont+ (10 um) | 65 0.16 [58]
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4.2 Catalyst characterization

4.2.1 Electrochemical characterization methods

The performance evaluation of the ORR on PGM-free catalysts is typically con-
ducted using linear sweep voltammetry (LSV) with a rotating disk electrode
(RDE) or a rotating ring-disk electrode (RRDE). These methods are widely em-
ployed for screening of the ORR electrocatalytic performance of the catalysts due
to their operational simplicity and cost-effectiveness [59]. The catalyst sample is
initially dispersed in a homogeneous ink composed of solvent and binder. The
ink is then deposited on a glassy carbon RDE, left to dry and inserted into an
electrochemical measurement cell containing an acidic or alkaline electrolyte
solution, to be used as a working electrode. Subsequently, the potential is scanned
at a fixed rate, typically maintained below 20 mV s™' to minimize the contribution
from capacitive (background) currents. Simultaneously, the RDE is rotated at
fixed rates to mitigate mass-transfer limitations during the ORR evaluation. The
electrocatalytic activity of a material toward the ORR is generally assessed using
two key parameters obtained from the polarization curve: the onset potential
(Eonser) and the half-wave potential (E£,). The onset potential is defined as the
potential at which O reduction commences, accompanied by an increase in
current density (usually —0.1 mA c¢m?). The half-wave potential represents the
potential required to achieve a current density that is half of the value observed
in the diffusion-limited region. Higher ;> and E,ns: values indicate a lower over-
potential necessary to catalyze the ORR, reflecting superior electrocatalytic
activity [59].

Usually, the Koutecky-Levich (K-L) analysis is used to gain information
about the number of electrons (n) participating in the ORR. Polarization curves
are measured at different rotation rates and several parameters can be extracted
from the slope of the j ' vs. @™ plot using the K-L equation [60]:
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where j is the measured current density, jk and jq are the kinetic and diffusion-
limited current densities, respectively, F is the Faraday constant, w is the
electrode rotation rate (rad s '), Doy is the diffusion coefficient of O, Co; is the
O; solubility and v is the kinematic viscosity of the electrolyte solution.

A more direct approach to assess the number of participating electrons involves
using the RRDE method. In this technique, the working electrode is encircled by
a ring electrode with a separate fixed potential applied to it. Consequently, the
hydrogen peroxide produced by the catalyst on the disk electrode undergoes
oxidation at the ring electrode. The current response can be used to directly obtain
the number of electrons involved in the ORR [59].

The RDE and RRDE methods are well-established, and often used for pre-
liminary screening of potential electrocatalysts, however the obtained results are
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not necessarily indicative of performance in a fuel cell and might lead to a mis-
leading conclusion [61]. The transition from a double to a triple phase boundary
from half-cell to MEA can impact properties such as active site utilization and
mass transport limitations [62]. Additionally, degradation of catalysts is in-
fluenced by the charge passed, and rotating disk electrodes operate at least two
orders of magnitude lower current densities than a FC device. Furthermore,
reaction kinetics and degradation mechanisms are temperature-dependent, but
most half-cell tests are conducted at room temperature rather than the higher
temperatures of around 60-80°C commonly used in polymer electrolyte fuel cells
[63,64]. Hence, although the RDE and RRDE methods are suitable for the initial
estimation of the catalysts’ ORR activity, promising catalysts must be inves-
tigated as cathodes in MEAs to assess their performance under more realistic
conditions. These experiments are considerably more intricate, in large part due
to the complexity of MEA preparation. Additionally, during the measurement,
numerous parameters come into play that can significantly impact performance,
such as cell temperature, gas flow rates, humidification, pressures and selection
of cell components. The optimization of these parameters is crucial for mini-
mizing voltage losses [19]. The successful transport of reactants and products
critically relies on water management within the cell. Insufficient water content
can lead to membrane and ionomer drying, increasing the internal resistance, but
excessive water can flood the cell, hindering the formation of triple phase boun-
daries (TPBs). Precise control over water quantity and distribution within the cell
remains a critical research focus, particularly in AEMFCs where water is both a
reactant and product [65,66].

4.2.2 Physical characterization methods

In addition to electrochemical characterization, physical methods are required to
assess the effect of the catalysts’ structure and composition to their electrocata-
lytic performance. This is especially important yet complicated for PGM-free
catalysts, because altering a single synthesis parameter (for example the pyrolysis
temperature) often affects multiple properties of the materials simultaneously.

Scanning electron microscopy (SEM) can be used to study the morphology of
the catalyst materials. SEM with energy dispersive X-ray spectroscopy (EDS)
can also produce elemental distribution maps. However, SEM-EDS mapping
does not have high enough resolution to distinguish smaller nanoscale particles.
Catalyst powders and layers can be further assessed using transmission electron
microscopy (TEM) coupled with EDS. These techniques offer high resolutions,
and aberration-corrected TEM microscopes can even achieve atomic-level reso-
lution [67]. As a result, the high-resolution scanning transmission electron micro-
scope (HR-STEM) with spherical aberration correction has become one of the
main tools to detect single atom sites.

X-ray photoelectron spectroscopy (XPS) enables the characterization of site
coordination in metal-nitrogen-carbon (M—N—C) catalysts, providing insights
into surface species and their oxidation states. One advantage of XPS is its surface
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sensitivity, as depth profiling is restricted to 1-5 nm. XPS can determine both the
elemental composition in the surface layers of the catalysts and the chemical
states of individual elements. This compositional information is derived from
XPS survey spectra through curve-fitting of core-level spectra, offering crucial
insights into the presence of various moieties. Typically, core-level fitting focuses
on the C 1s, O 1s and N 1s edges for lab-scale instruments due to limited signal-
to-noise ratios. The N 1s spectra commonly exhibit multiple peaks representing
nitrogen in different states. Similarly, 2p spectra of transition metals may reveal
peaks corresponding to metallic nanoparticles, metal oxides, and M—Nj species,
although due to their low concentration, peak fitting is usually avoided [68]. In
addition, the detailed Fe 2p photoelectron spectra consist of multiple peaks
corresponding to oxidized forms, which can be bulk oxides, but also nitrogen-
coordinated metal. As such, it is not possible to precisely identify these com-
ponents by XPS analysis, as there are several different overlapping metal states,
consisting of multiple peaks due to multiplet splitting and charge transfer effects
[69,70].

A drawback to XPS (as with other ex-situ characterization techniques) is the
difficulty in distinguishing active sites from other species. Additionally, it is im-
portant to interpret these results cautiously, considering potential inconsistencies
resulting from different XPS peak fitting methods [71].

Gas adsorption experiments serve as a valuable means to gather data regarding
surface area, pore volume, and pore size distribution (PSD). These experiments
are widely employed in characterizing micro- and mesoporous materials. Nitro-
gen and carbon dioxide are the most commonly utilized probe gases [72]. Diffe-
rent models for data analysis are used, from which the quenched solid density
functional theory (QSDFT) is the most widely used for hierarchically porous
materials. QSDFT takes into account the morphological specifics of different
structures present in carbon materials, i.e. the chemical and geometrical hetero-
geneity of the pore walls [73].

Other commonly used techniques include Raman spectroscopy, X-ray diffrac-
tion (XRD) and inductively coupled plasma mass spectrometry (ICP-MS) or
microwave plasma atomic emission spectroscopy (MP-AES). Raman spectro-
scopy allows to characterize the degree of graphitization, i.e. structural defecti-
veness of the carbon. Higher graphitization improves the stability and electrical
conductivity of the carbon material. Typically, the /p/Ic Raman band ratio is used,
where Ip corresponds to the intensity of the amorphous carbon peak and /¢ to the
intensity of the scattering from sp® carbon. A higher /p/IG ratio indicates a more
disordered carbon material. However, it is important to note that using the In//g
ratio is problematic since in highly disordered carbon materials, the Raman peak
labeled as G is a combination of the G and D2 peaks. This overlap makes the In/lg
ratio an unreliable indicator of structural disorder in such materials [74,75]. To
assess the extent of structural disorder in the catalyst materials, the full width at
half-maximum (FWHM) of the D1 and G+D2 bands, as well as the Ip/lgp» ratio
is used [76]. XRD is used to investigate the crystalline phases present in the
materials; these can be metal oxides, carbides or metal nanoparticles. MP-AES
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or ICP-MS is used for quantitative analysis of the different metals present in the
catalyst [77].

In addition, some more advanced techniques have been used to determine the
active sites in PGM-free catalyst materials. The most commonly used are Mdss-
bauer spectroscopy that allows for differentiation of °’Fe species in the catalyst,
providing valuable information on the nature of the active sites. As well as
various synchrotron radiation-based absorption spectroscopic techniques like X-
ray absorption near edge structure (XANES) or extended X-ray absorption fine
structure (EXAFS) that can elucidate the chemical valence states and coordi-
nation environments of the M—N sites [67,68].

Despite extensive research, no characterization technique has definitively
revealed the origins of the ORR activity and active sites in PGM-free catalysts.
A comprehensive understanding of the ORR mechanism remains essential for
advancing PGM-free catalysts and ensuring their practical viability [12,78].
Progress in this area necessitates the development of additional, potentially more
sophisticated characterization techniques that provide direct insights into the
catalyst surface. A potential approach could be conducting operando and in situ
studies at atomic resolution while simultaneously measuring the system’s electro-
chemical response in real time [77].

4.3 PGM-free carbon-based electrocatalysts

4.3.1 Synthesis methods

In the long term, Pt-based catalysts are not a sustainable solution for PEFCs and
the US Department of Energy has also shifted its focus toward PGM-free cata-
lysts in recent years, as reflected in their roadmaps [79]. The first study for a
PGM-free fuel cell catalyst was published by Jasinski in 1964 [80]. A break-
through in PGM-free catalyst preparation occurred when Gupta et al. successfully
synthesized a catalyst by pyrolyzing simple and cost-effective metal and nitrogen
precursors with high surface area carbon [81]. Subsequent advancements have
significantly improved the activity of PGM-free catalysts; there are now many
PGM-free catalysts with high potential for commercialization [12,78,82]. While
the raw material costs are significantly lower than for PGMs, manufacturing
expenses at low volumes could be higher due to the substantial manufacturing
setup costs [12]. Consequently, the cost savings may be minimal, at least in the
short term, but PGM-free catalysts are expected to be significantly cheaper in the
future. An additional advantage of PGM-free catalysts lies in their enhanced
resistance to airborne contaminants, compared to PGM-based catalysts [83].
PGM-free electrocatalysts must satisfy four essential criteria. The first three
encompass the electrochemical and structural factors: (i) the presence of high
density of active sites enabling fast ORR kinetics, (ii) sufficient electrical conduc-
tivity, and (iii) a porous microstructure facilitating efficient mass transfer of
products and reactants to and from the active sites. Additionally, the carbon-based
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catalyst must be cost-effective and straightforward to be produced in large quan-
tities. For these reasons, high-temperature pyrolysis in an inert atmosphere, such
as Ar or N, has emerged as the most widely used synthesis method [30,84].
Pyrolysis is typically done at temperatures from 600 °C to 1000 °C; at these tem-
peratures the reactions with the precursor, such as condensation, crosslinking,
dehydration and carbonization will occur [30]. Carbon constitutes the majority of
the material (by atomic percentage) and contributes to its chemical stability,
electrical conductivity, porous structure, and mechanical strength. Usually, addi-
tional heteroatom precursors are introduced and volatile compounds are released
during the thermal decomposition, thereby functionalizing the resulting carbons
and introducing the active sites; a process known as doping [85]. Doping typically
utilizes elements like nitrogen, sulfur or phosphorus with N being the most widely
used dopant [86]. To enhance the ORR activity, transition metals are often
introduced [87]. M—N—C catalysts consist of a combination of transition metal,
nitrogen, and carbon. While various metals have been employed in M—N-C cata-
lysts, such as Ni, Mn, or Cu, the Fe- and Co-containing catalysts have displayed
greater ORR performance [35,78,87].

Previously, the M-—N-C catalysts were synthesized mainly by doping of
carbon materials, which involves preparing a mixture containing a pre-existing
carbon carrier, a nitrogen dopant and a metal salt. The mixture is then subjected
to pyrolysis to introduce the nitrogen and metal dopants into the carbon material,
thereby generating active sites for ORR. The precursors are mixed in a liquid
phase either by sonication or stirring; in some cases a solid phase synthesis is
used (i.e. grinding or ball-milling) [88,89]. This method has the advantage of
utilizing an existing carbon material with a pre-determined structure. However,
these catalysts inevitably suffered from the drawback of metal species aggrega-
tion during pyrolysis, resulting in a reduced density of M—Ny moieties in the
catalyst [27]. More recently, another approach emerged referred to as the in-situ
doping method. In this method, carbon is formed concurrently with the active
sites by pyrolyzing a carbon precursor alongside nitrogen and metal sources
[63,90]. This limits the aggregation of metal species and generally allows for a
higher concentration of active sites compared to the previous method. However,
it is more challenging to control the structure and porosity of the resulting catalyst
[91]. In both cases, certain metal species generated during high-temperature pyro-
lysis may pose a risk to catalyst stability, as they are highly prone to dissolution
in fuel cell operating conditions. The dissolved iron species, in particular, can
detrimentally affect catalyst performance and also degrade the polymer membra-
ne in the fuel cell by generating free radicals through the Fenton reaction [92].
Therefore, one or more acid leaching steps are typically necessary at the end of
the catalyst synthesis process to remove undesirable metal species [93].

In conclusion, currently there are two main research directions to further
improve the performance of PGM-free catalysts in fuel cells. Firstly, increasing
the active site density (SD) and enhancing the turnover frequency (TOF) of the
active sites [64]. As such, a better understanding of the nature of the active sites
for ORR is necessary and a deeper understanding of the pyrolysis step and how
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the active sites are formed during the heat-treatment is crucial [64]. Secondly,
improving mass transport within the catalyst layers of PGM-free cathodes, which
due to the lower volumetric activity of catalyst need to be significantly thicker,
as compared to PGM-based catalysts [12]. Remaining gaps need to be addressed
and a deeper understanding of how to integrate PGM-free catalysts into cathode
catalyst layers (CCLs) is needed. In addition, coordinating future catalyst and
CCL research is essential to streamline the development process. Identifying and
comprehending potential synergies early on will significantly help to reduce the
development timeline [12].

4.3.2 Active sites in PGM-free catalysts

The intrinsic electrocatalytic activity of M—N—C catalysts is linked to their
constituent moieties, most importantly to various centers containing nitrogen and
transition metal (Figure 2). Although a scientific consensus as to which of the
sites contribute to the ORR activity has not been reached, transition metal-
nitrogen coordinated (M—Nj) sites are generally thought to be involved [87,91],
the activity of which can also be influenced by their local ligand environment
[64]. Catalysts containing Fe—Ny sites are the most commonly employed, but
other metals such as Co, Mn, or Ni have also shown good performance [87]. Mn-
doped catalysts particularly have garnered attention for their potential to mitigate
the generation of reactive oxygen species via Fenton-like reactions involving
hydrogen peroxide that is produced through a 2-electron ORR pathway [94,95].
These species cause oxidative processes in the catalyst layer, resulting in carbon
corrosion and loss of the embedded active sites along with deterioration of other
cell components like the ionomer and membrane [96]. Notably, Li et al. demon-
strated that Mn-containing catalysts exhibit increased stability even in harsh
oxidative environments [95]. However, generally these catalysts show compa-
ratively lower ORR performance than their iron-containing counterparts [95]. To
address the limitations inherent in single-site catalysts, specifically their insuffi-
cient activity and stability, an alternative approach involves designing catalysts
that incorporate dual or multiple metal sites [32,67,97]. The advantages of this
stem from tailoring the electronic structure, resulting in enhanced electrocatalytic
activity and stability. These secondary metal atoms effectively modulate the
electronic configuration of Fe—Njy sites, optimizing the adsorption free energy of
reaction intermediates and subsequently enhancing the ORR activity [98].
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Figure 2. Different active sites of M—N—C-based catalysts for oxygen reduction reaction.
Adapted from reference [99].

The biggest challenge with M—N-C catalyst materials is their relatively low site
density. Despite significant advances in synthesis approaches, for example by
using metal-organic framework precursors to limit the metal ion mobility and
prevent agglomeration of metal, it has been noted that surpassing ~3 wt.% Fe in
atomically dispersed form, poses significant challenges [100]. This is because as
higher concentrations of metal precursors are utilized, condensation of metal
atoms will occur. At elevated temperatures, metallic iron can also react with the
carbon, leading to the formation of iron carbide [101]. Another approach to M—
N-C catalyst synthesis can be done via introducing higher amounts of metal pre-
cursors. In addition to M—Ny sites, these catalysts comprise of metallic nano-
particles enveloped by a protective carbon layer, commonly referred to as
metal@N-C sites (Figure 2) [102]. Typically, these sites exhibit a lower turnover
frequency for the ORR when compared to M—N sites. However, it is feasible to
achieve a higher metal loading for such catalysts, thereby compensating for the
reduced TOF value [103]. Besides the transition metal containing sites, M—N—C
catalysts will always include N—C active sites. These sites are widely believed to
modulate the activity of the surrounding M—Nj sites, as well as directly contribute
to catalytic activity in alkaline conditions, but are usually not considered as active
sites in acidic environment [86,104]. Nitrogen moieties in the carbon lattice can
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be in several forms, e.g. pyridinic, graphitic, pyrrolic or oxidized (NOx) species
[105]. However, the specific nitrogen sites responsible for enhancing the ORR
activity remain unclear. Some researchers associate a high concentration of
pyridinic-N with increased ORR activity, while others propose that pyrrolic-N
species play a key role [86,106]. As mentioned in Sub-section 4.2.2, this disparity
can also be due to different XPS peak fitting methods.

An emerging method to produce catalysts with high density of Fe—Nj sites is
the active site imprinting strategy, proposed by Fellinger and coworkers [107], an
approach that decouples the formation of the carbon matrix from the creation of
the active sites. That could potentially help to overcome the limitations of current
methods that rely on kinetic stabilization of metal atoms at high temperatures.
This approach uses suitable imprinting metals (Zn, Ca, and Mg) that are known
to form stable complexes, to promote the formation of the respective M—Ny sites
in the carbon material [107]. At temperatures typically used in pyrolytic carbon
preparation, the reduction of Mg*" and Zn*" is not thermodynamically favored.
Therefore, this strategy has the ability to create M—N—C catalysts with a signifi-
cantly higher concentration of M—Nj active sites by preventing unwanted side
reactions. Once the Mg—N—C material is prepared, it is subjected to a low-
temperature wet-chemical coordination step to replace the N-coordinated Mg
ions by an electrocatalytically active element, such as iron. However, the reaction
mechanism of the trans-metalation step is as of yet unclear [108]. By decoupling
the carbonization and active site formation steps, this approach can simplify the
development of reliable structure-activity relationships.

4.3.3 Nanostructure of PGM-free catalysts

While PGM-free electrocatalysts have several advantages such as cost-effecti-
veness and enhanced resistance to contaminants, they pose a challenge due to
their lower volumetric activity. Several studies have emphasized the critical
importance of hierarchically porous structure of carbon-based catalyst materials
for enhancing electrocatalytic performance in FCs [12,90]. An ideal catalyst
should form continuous porous channels to facilitate mass transfer (Figure 3). It
should be noted that not all N—C or M—Ny moieties can be considered as active
sites, because their effectiveness in participating in the ORR depends on where
they are situated within the catalyst layer. It has been demonstrated that only the
active sites located near the external surface of the catalysts are effectively
participating in the ORR, while those buried deeper within the carbon micro-
structure are inactive [109]. As such, increased mesoporosity of the catalyst will
lead to greater utilization of the active sites, especially in fuel cells, as only the
sites at the TPB can participate in the ORR [110]. Research on ways of increasing
the SD of catalysts has seen a lot of focus [91,97,108]. Unfortunately, improve-
ments in their utilization as genuine active sites have been largely overlooked,
representing a significant roadblock to the enhancement of fuel cell performance
[27].
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Carbon materials with exceptionally high surface area and porosity can be
made by deliberate structuring at the micro-, meso- and macroscale during their
preparation by the use of a template or an activation step. The most common
methods for producing additional porosity are physical activation by using
reactive gases such as steam or CO, [111,112], and chemical activation [113].
Although these methods result in a high surface area, they create a mainly
microporous texture. Synthetic approaches often employ templating methods to
create the necessary meso- and macroporous structures. These methods can be
categorized into two groups: hard templating and soft templating [114,115]. Soft
templates are a variety of block-copolymers and they have been proven to create
carbon materials with controlled porosity. However, they are excessively expen-
sive and as they are vaporized during pyrolysis, cannot be recycled [115]. In hard
templating, silica nanoparticles are commonly used during thermal treatment to
prepare carbon materials with controlled structure. In this process, the template
remains stable at high temperatures and the template particles are removed after
pyrolysis via chemical etching, resulting in carbon materials with a reverse
structure. However, the use of concentrated solutions of HF or NaOH for template
removal poses significant limitations, hinders the scalability and raises
environmental concerns [115]. In addition, the recycling of dissolved silica in
these solutions has never been tried, mainly because of the expected high cost for
the recycling processes.

OH-
@ Carbon 0,
@ Active site
lonomer
O 1rB

Figure 3. [llustrations of reactant access to microporous (on the left) and mesoporous (on
the right) carbon catalysts.

A sustainable alternative to silica-based templates involves using inorganic par-
ticles like MgO, CaCO3, ZnO, etc. The main advantage of this method is the ease
of removal of the templating phase, as these nanoparticles can be etched out of
the carbon material using dilute acid solutions, for example HCI. Inagaki et al.
were the first to introduce a method for carbon preparation using this approach
[116,117]. They synthesized these materials by pyrolyzing a carbon precursor
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alongside MgO or certain thermally unstable magnesium compounds such as
acetate, citrate, or gluconate, that are decomposed during pyrolysis to form MgO
nanoparticles. These inorganic nanoparticles are subsequently dissolved out of
the carbon matrix after carbonization, which results in the creation of mesopores
(typically ranging from 2 to 20 nm in diameter). The resulting porosity can be
influenced by factors such as the nature of carbon precursor, MgO precursor, and
their mass ratio [118]. Another advantage is the recyclability of the Mg template
that has been experimentally confirmed using acetic and citric acids [118]. Toyo
Tanso Co. Ltd. has recently commercialized the production of mesoporous
carbon materials using MgO-based templates under the brand name CNovel®
[119].

A derivative of the above-mentioned inorganic template approach is the iono-
thermal carbonization that utilizes Mg or Zn salts with low melting points [120].
During the process the carbon precursor is partially or completely dissolved
within the salt melt. The generation of pores occurs through two effects. First, the
formation of nanodroplets of the molten salt, which act as a fluidic template inside
the carbonizing precursor. Secondly, a crosslinked carbonizing phase, that
encloses the in-situ formed inorganic phase (i.e. MgO or ZnO nanoparticles).
After heat-treatment, the template particles are removed, resulting in a porous
material. Generally, ionothermal synthesis delivers two straightforward para-
meters for pore tuning: the compatibility/miscibility of organic precursor phase
and molten salt, and the type of salt or eutectic salt mixture that is chosen. In
certain limits the porosity can be enhanced simply by increasing the salt to
organic precursor ratio. Depending on the necessary carbon structure, different
organic precursors can be used, but optimizing the ratio of template to carbon
precursor for each combination is needed in order to achieve the demanded pore
structure because of different carbon yields [121]. By selecting precursors that
contain nitrogen (either in the organic precursor or the salt), it is possible to
simultaneously generate M—N, (M = Mg, Zn) sites that can later be converted to
ORR-active sites via the trans-metalation method mentioned in Sub-section 4.3.2.
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5. EXPERIMENTAL

5.1 Preparation of PGM-free catalysts

5.1.1 Synthesis of catalysts from 5-methylresorcinol-
formaldehyde resin

Nanospheres of 5-methylresorcinol-formaldehyde resin were prepared by a base
catalyzed polycondensation of 5-methylresorcinol (SMR) and formaldehyde
(FA) [52]. The concentrations of the precursors, given as molar ratios, were the
following: SMR/FA=0.5, 5SMR/Na,CO3=240, HoO/5SMR=90. 5-methylresorcinol
(99.9 %, VKG Oil AS, Estonia) and Na,COs (=99.8 %, Honeywell/Fluka) were
dissolved in deionized water (Milli-Q), then, the aqueous solution of formal-
dehyde (35 %, stabilized with ~10 % of methanol, Sigma-Aldrich) was added
followed by 48 h of stirring at room temperature. The nanospheres were dried
overnight at 60 °C and carbonized in N, flow by raising the temperature at a
heating rate of 10 °C min™' up to 800 °C and holding at this temperature for 2 h.
After cooling down to room temperature the undoped carbon nanospheres (de-
noted as CNS) were collected. This material was used as a precursor for pre-
paration of N-doped carbon nanospheres (NCNS), Co- and Fe-containing N-
doped CNS (CoNCNS and FeNCNS, respectively) [I]. For this, CNSs were
suspended in 2-propanol and for preparing Co- and Fe-containing materials,
CoCl; or FeCls; was added at the mass ratio 1:40 of metal to CNSs. After that,
dicyandiamide (DCDA, Sigma-Aldrich) and polyvinylpyrrolidone (PVP, Sigma-
Aldrich) were added at the mass ratio of 20:1 and 1:10 to CNS, respectively, and
sonicated for 3 h. The solvent was evaporated from the suspension by drying
overnight at 70 °C and the obtained powder was pyrolyzed at 800 °C for 2 h.

The second set of N-doped catalysts was synthesized by one-step procedure,
pyrolyzing the mixture of SMR-FA resin nanospheres, DCDA, Fe/Co salt and
PVP prepared by the procedure described above, except that two times higher
mass of organic nanospheres than that of CNSs was employed. The spherical
shape was not retained by this procedure and the porous N-doped carbon mate-
rials obtained are denoted as NC-MRFA, CoNC-MRFA and FeNC-MRFA,
respectively [I]. To dissolve the possible metal nanoparticles formed during
pyrolysis, all the metal-containing catalysts were treated for 8 h in the mixture of
0.5 M HNOs and 0.5 M H,SO4 at 50 °C. After the acid treatment, the materials
were pyrolyzed again at 800 °C for 2 h.

5.1.2 One-pot synthesis of 5-methylresorcinol-derived catalysts

The catalysts were prepared using 5-methylresorcinol (SMR, 99.9%, VKG Oil
AS, Estonia), dicyandiamide (DCDA, Sigma-Aldrich), Co(NO3), (98%, Sigma-
Aldrich), FeCls (97%, Sigma-Aldrich) and/or Ni(NO3),:6H>0 (99.9%, Sigma-
Aldrich) as the precursors (Table 2). The precursors were dissolved in a 50/50
mixture of 2-propanol and deionized water (Milli-Q, Millipore Inc.). For metal
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doping, different metal salts were added at the metal-to-SMR mass ratio of 1:20
(Table 2). The solution was dried at 35 °C for 48 h and the dry powder was
pyrolyzed in N, flow at 800 °C with a ramping rate of 10 °C min™ for 2 h. After
cooling down to room temperature the carbon-based catalysts were collected. The
as obtained materials are denoted as: MNC-OP (M = Ni, Fe, Co) [II and III].

For comparison, a metal-free material (NC-OP) was prepared by the same
procedure, but without adding metal salts. Some of the metal-containing materials
were acid-treated in a mixture of 0.5 M HNOj and 0.5 M H;SO4 at 50 °C for 8 h,
washed with Milli-Q water, dried and pyrolyzed again at 800 °C for 2 h to obtain
the FeNC-OP-at, CoONC-OP-at, and FeCoNC-OP-at catalysts [II].

Table 2. Amounts of the precursors used in the synthesis of the catalysts.

Catalyst 5MR | DCDA | Fe Co Ni
(g (g (mg) | (mg) | (mg)
NC-OP [II] 0.1 1 - - -
CoNC-OP [II] 0.1 1 - 5 -
FeNC-OP [I1] 0.1 1 5 - -
FeCoNC-OP [II] 0.1 1 2.5 2.5 -
NiFeNC-OP [111] 0.1 1 1.67 - 3.33
NiFeNC-2-OP [III] 0.1 1 3.33 - 1.67
NiCoNC-OP [I11] 0.1 1 - 1.67 | 333
NiFeCoNC-OP [I11] 0.1 1 1.67 | 1.67 1.67

Note: Roman numerals in square brackets indicate original articles.

5.1.3 Synthesis of catalysts using magnesium-based templates

The electrocatalysts were prepared using Honeyol™ (VKG Oil AS, Estonia;
an alkylresorcinol fraction consisting of 100% resorcinol derivates with a 5-
methylresorcinol content of at least 48 wt.%) as the carbon precursor; dicyan-
diamide (DCDA, Sigma-Aldrich), Fe(NO3)3-9H,0 (97%, Sigma-Aldrich) and/or
Co(NO3)2-6H20 (98%, Sigma-Aldrich) as the nitrogen and transition metal
precursors and Mg(CH3COO),-4H,0 (98%, Alfa Aesar) as a precursor for MgO
template. Honeyol and DCDA (mass ratio 1:10) were dissolved in a mixture of
Milli-Q water (Millipore Inc.) and 2-propanol, followed by the addition of
magnesium acetate, after which Fe nitrate or Fe and Co nitrates (with Fe:Co mass
ratio of 7:3) were added to obtain a metal-to-Honeyol mass ratio of 1:20 (Table
3). The mixture was dried at 60 °C and the obtained powder was pyrolyzed in N
flow at 800 °C for 2 h, with a ramping rate of 10 °C min'. The products were
dispersed in 1 M hydrochloric acid (Sigma-Aldrich) for 2 h at room temperature
to dissolve the MgO template. The obtained carbon materials were filtered,
washed with Milli-Q water, dried and pyrolyzed again at 800 °C for 1 h. The
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resulting materials are given in Table 3 [IV]. Additionally, catalysts FeNC and
FeCoNC were prepared without a template, but using the same procedure as a
comparison.

For work [V], the same procedure was used. The materials were prepared
using Honeyol, DCDA and iron nitrate or a combination of iron nitrate and
manganese acetate were added to achieve a metal-to-Honeyol mass ratio of 1:20.

Table 3. Amounts of the precursors used in the synthesis of the catalysts.

Catalyst Honeyol | DCDA | Fe Co Mn | Mg-acetate
(2) (2) | (mg) | (mg) | (mg) (2)
FeNC [IV and V] 0.2 2 10 - - -
FeNC-MgOAc [1V] 0.2 2 10 - - 0.2
FeNC-MgOAc-2 [IV] 0.2 2 10 - - 0.1
FeNC-MgOAc-3 [IV] 0.2 2 10 - - 0.05
FeCoNC [IV] 0.2 2 3 - -
FeCoNC-MgOAc [IV] 0.2 2 3 - 0.1
FeNC-T [V] 0.2 2 10 - - 0.2
FeMnNC-T [V] 0.2 2 7 - 3 0.2

Note: Roman numerals in square brackets indicate original articles.

5.1.4 lonothermal synthesis of catalysts

The materials were produced by using Honeyol™, a carbon precursor consisting
of resorcinol derivatives with a 5-methylresorcinol content of at least 48 wt%
(VKG Oil AS, Estonia). Honeyol was mixed together with Mg(NO3),-6H,O
(98%, Alfa Aesar) using a pestle and mortar, with a mass ratio of Honeyol-to-
Mg(NOs), of 1:1. The well-homogenized mixture was then transferred into a
ceramic boat and pyrolysed in a nitrogen flow at 800 °C for 1 h with a ramping
rate of 10 °C min™'. During the pyrolysis the Mg(NOs),-6H,O acts as a solvent,
porogen and nitrogen dopant. The in-situ formed MgO nanoparticles act as the
sacrificial template and are removed after the pyrolysis by dispersing the resulting
MgO@NC-LT material in a 1 M HCI (Sigma-Aldrich) solution for 2 h, at room
temperature. The obtained carbon material (NC-LT) was thoroughly washed with
Milli-Q water, filtered and dried overnight in an oven at 60 °C, followed by a
final grinding.

In order to obtain the ORR-active electrocatalysts, ion-exchange reaction was
used to replace Mg?* in Mg—N, centers with Fe ions. The materials were dispersed
in methanol, to which a certain amount of FeCl,-4H»O (97%, Sigma-Aldrich) was
added to obtain a concentration of 2.5 x 102 M. The resulting mixture was
refluxed under constant stirring for 24 h. The catalyst was then washed with Milli-
Q water and dispersed in a 0.5 M H,SOs solution overnight. The material was
then washed with water, filtered, dried in an oven and pyrolyzed at 800 °C for
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1 h with a ramping rate of 50 °C min’, to obtain the final catalyst denoted as
FeNC-LT. As a comparison a catalyst was prepared with FeCl; (98%, Thermo
Scientific) instead, denoted as FeNC-LT-FeCls.

5.2 Physical characterization of PGM-free catalysts

The scanning electron microscopy (SEM) samples were prepared by drop-coating
a suspension of the catalyst material onto polished GC disks. The SEM analysis
was conducted with Helios TM NanoLab 600 (FEI) microscope. The energy
dispersive X-ray spectroscopy (EDS) detector INCA Energy 350 (Oxford Instru-
ments) mounted on the microscope was used for elemental characterization.

For the high-resolution (scanning) transmission electron microscopy (HR-
(S)TEM) the samples were deposited onto Lacey carbon supports on Cu 300
mesh grids (Agar Scientific). The TEM measurements were made with Titan 200
(FEI) microscope with accelerated voltage of 200 kV, in scanning mode with both
bright field (BF) and high-angle annular dark field (HAADF) detectors. Ele-
mental mapping was taken from the same area as HAADF images with EDS
analyzer ChemiSTEM (FEI/Bruker).

For obtaining the N, adsorption/desorption isotherms, the materials were
vacuum-dried for at least 24 h at 200 °C before the measurement. The measure-
ment was done using NovaTouch LX2 instrument (Quantachrome) at the boiling
point of nitrogen (77 K). Specific surface area (Sger) was calculated with
Brunauer-Emmett-Teller theory. The total pore volume (Vi) was measured at the
saturation pressure of N, (P/Py = 0.97). Pore size distribution (PSD) was
calculated using quenched solid density functional theory (QSDFT) equilibria
model for slit-type, slit-cylindrical or slit-cylindrical-spherical pores. All the
calculations were done using TouchWin 1.11 software (Quantachrome Instru-
ments).

The X-ray photoelectron spectroscopy (XPS) analysis was conducted at ultra-
high vacuum conditions using a non-monochromatic twin anode X-ray tube
(Thermo XR3E2) with the characteristic energy of 1253.6 eV (Mg K, radiation)
and an electron energy analyzer SCIENTA SES 100. The survey scan was
measured in the energy range from 900 to 0 eV, pass energy of 200 eV, step size
of 0.5 eV, step duration 0.2 s and number of scans 5. Detailed spectra were
collected with the step size of 0.1 eV and step duration of 0.2 s, with the number
of scans being at least 25. The data was processed with CasaXPS (version 2.3.17),
during which the K, and Kp satellites were removed. Gauss—Lorentz hybrid
function (GL 70, Gauss 30 %, Lorentz 70 %) and blend of linear and Shirley-type
backgrounds were used for peak fitting.

X-ray diffraction (XRD) measurements were performed on Bruker D8 Ad-
vance diffractometer with Ni filtered Cu Ka radiation. The diffraction patterns
were obtained with scanning steps of 0.0126° 26 in the range from 5° to 89° and
the counting time of 525 s per step. The data was analyzed with Topas 6 (Bruker)
software.
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Micro-Raman spectra were recorded in the back-scattering geometry on an
inVia Renishaw spectrometer in conjugation with a confocal microscope (Leica
Microsystems CMS GmbH, Germany), 50x objective and an argon ion laser
operated at 514.5 nm. All samples were suspended in water and drop-coated on
to silicon substrates. To avoid thermal decomposition of the sample, the laser
power density was minimized by decreasing the laser power and defocusing laser
spot to about 15 um. The Raman spectra were normalized to the intensity of the
G band. The spectra were fitted following the five-peak model where G peak
(~1580 cm™) corresponds to the ideal graphitic lattice; D1 (~1350 cm™) to
disordered graphitic lattice-graphene layer edge; D2 (~1610 cm™) to disordered
graphitic lattice; D3 (~1500 cm™) to amorphous carbon and D4 (~1200 cm™) to
disordered graphitic lattice. The Peak Analyser software in OriginPro 9 was used
for Raman spectra processing.

The transition metal content in the samples was determined by microwave
plasma atomic emission spectroscopy (MP-AES) using Agilent 4210 MP-AES.
10 mg of the catalyst material was dissolved with Anton Paar Multiwave PRO
microwave digestion system in NXF100 vessels (PTFE/TFM liner) in a mixture
of 4 mL. of HNO; and 2 mL of H,O,. The dissolved samples were digested at
230 °C and at pressures between 45-50 bar. After the dissolution process, the
samples were diluted with 2% HNOs solution to obtain metal concentrations of
around 5 mg/L and measured.

5.3 Electrochemical characterization
of PGM-free catalysts

5.3.1 RDE and RRDE experiments

A glassy carbon (GC) electrode (GC20-SS, Tokai Carbon, Japan) with a geo-
metric surface area of 0.196 cm?® was used as the working electrode. To prepare
the electrode it was polished using alumina slurries of 1 um and 0.3 pm (Buehler).
The catalyst powders (4 mg) were ultrasonically dispersed in a 1 mL mixture of
2-propanol and water (1:1 v/v) along with 20 pl Nafion® solution (5 wt.% in
lower alcohols, Aldrich) to prepare the catalyst ink. The ink was then drop-coated
on the glassy carbon working electrode to achieve a catalyst mass loading of 0.1
[I, I and IV], 0.2 [I, VI] or 0.8 [V] mg cm*. The same procedure was followed
to coat the GC electrodes with a commercial Pt/C catalyst (20 wt.%, E-TEK) and
RuO; (99.9%, Alfa Aesar) as reference catalysts, with loading of 0.2 mg cm 2. The
electrocatalytic ORR activity of the catalysts was investigated by steady-state
measurement in O-saturated (99.999%, Linde) 0.1 M KOH [L, II, IIL, IV and VI]
or 0.5 M H,SOy4 [V] solution using the rotating disk electrode method. In work
[III], OER measurements in 0.1 M KOH were also done. A continuous gas flow
over the solution was retained during the experiments. The background current
was registered in Ar-saturated (99.999%, Linde) solution and subtracted from the
experimental currents of O reduction. Inhibition of ORR by cyanide ions was
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studied in 0.1 M KOH solution containing 10 mM NaCN. Electrochemical
measurements were conducted in a 3-electrode glass cell with an Autolab poten-
tiostat/galvanostat PGSTAT30 (Metrohm-Autolab, The Netherlands). Potentials
were measured relative to a saturated calomel electrode (SCE) and a carbon rod
served as the counter electrode. Potentials vs SCE were converted with respect to
the reversible hydrogen electrode (RHE): in acidic 0.5 M H,SO4 solution Erur =
Escr+ 0.258 V and in alkaline 0.1 M KOH solution Erur = Esce + 1.008 V. The
electrode rotation rate (@) ranged from 360 to 3100 rpm, controlled by a CTV101
speed control unit connected to an EDI101 rotator (Radiometer). The RDE data
was analyzed using the K-L equation (Eq. 9). In publications [III, IV and VI]
electrochemical impedance spectroscopy (EIS) was performed to obtain the
internal resistance value for the system in O,-saturated 0.1 M KOH. iR correction
was automatically applied to the ORR and OER data with Nova software. The
durability of the catalyst materials was evaluated by cycling the potential in the
range from 1.008 to 0.408 V [LII] or from 1.008 to 0.608 V [IILIV,VI] in O»-
saturated 0.1 M KOH electrolyte solution for 1000 [LIII], 10000 [VI] or 15000
[ILIV] potential cycles; the RDE polarization curves were recorded before
cycling and after a certain number of cycles. In publication [III], for the OER
durability test the potential range from 1.008 to 1.708 V vs. RHE for 1000 cycles
was used. In publication [V], the accelerated durability testing was conducted by
potential cycling from 0.95 to 0.6 V vs RHE in O»-saturated 0.5 M H,SO4 electro-
lyte solution for 10000 cycles. The potential scan rate (V) during the cycling was
100 or 200 mV s™'. For the rotating ring-disk electrode (RRDE) measurements, a
MSRX speed controller and an AFMSRX rotator (Pine Research, USA) were
utilized. The electrode setup consisted of a GC disc/Pt ring electrode (Pine Re-
search, USA). The electrodes and ink were prepared identically to RDE experi-
ments. The catalyst mass loading was 0.8 mg cm ™ with a GC disc geometric area
of 0.164 cm”. During the RRDE measurements the Pt ring electrode was main-
tained at a potential of 1.25 V vs RHE. Before conducting the ORR experiments,
the Pt ring electrode was electrochemically cleaned by performing at least three
cyclic voltammograms (CV)s in the potential range of 0.06—1.66 V vs RHE. The
peroxide percentage yield (%6H»0,) and electron transfer number (n) were cal-
culated by equations (10) and (11):

21y

%H,0; = % x 100% (10)
N
_ _4g
a Id"'% (11)

where /4 is the disk current, /; is the ring current and N is the collection efficiency
of the Pt ring (N=0.25, as determined by hexacyanoferrate(Ill) reduction re-
action).
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5.3.2 MEA construction and fuel cell tests

In publication [II], catalyst inks with the following composition were made for
the cathode: 12.5 mg of the catalyst material was dispersed in 365 uL of Milli-Q
water, 1350 pL of methanol and 28 pL of poly[2,2'-(2,2",4,4",6,6"-hexamethyl-
p-terphenyl-3,3"-diyl)-5,5"-bibenzimidazole] (HMT-PMBI) ionomer solution
(10 wt.% in methanol). For the anode commercial Pt-Ru/C catalyst (weight ratio
50:25:25, Alfa Aesar) was dispersed in 145 pL of Milli-Q water, 540 pL of
methanol and 11 pL. of HMT-PMBI ionomer solution (10 wt.% in methanol). The
suspensions were sonicated for 1 h before coating the gas diffusion layers (GDL,
Freudenberg H23C4) by pipetting in 200 pL aliquots. The final catalyst loadings
were 2 mg cm > on the cathode and 0.6 mg cm ™ on the anode. Before testing the
electrodes and HMT-PMBI membrane were soaked in 3 M KOH solution for 48
h. The MEAs were prepared by pressing the electrodes and membrane along with
a silicone gasket into 5 cm? cell (Fuel Cell Technologies Inc., USA) using a
torque of 7 Nm. The single-cell AEMFC performance tests were carried out with
a Greenlight Fuel Cell Test Station (G40 Fuel Cell System, Hydrogenics, Canada)
using humidified H, and O, gases (relative humidity 100%) at a flow rate of 0.1
NLPM at 60 °C and a backpressure of 200 kPa. In publication [IV] the anodes
were made with PtRu/C catalyst (Alfa Aesar, 40% Pt and 20% Ru on carbon
black, HiSPEC 10000). For the anodes, ~19 mg of powdered anion-exchange
ionomer (AEI) consisting of cross-linked polystyrene functionalized with tri-
methylamine (Fumatech) was added to a mortar and ground for 3 min. Following
the initial grind, 51 mg of PtRu/C was added to the mortar along with an addi-
tional 25 mg of carbon black (Vulcan XC-72) to increase the porosity and hydro-
phobicity of the catalyst layer and ultimately avoid flooding. One milliliter of
deionized water and 9 mL of 2-propanol were added to the solid mixture and
further ground for 10 min to create a low viscosity catalyst ink. The FeCoNC and
FeCoNC-MgOAc cathode inks were prepared in a similar manner to the anode
ink, wherein 12.75 mg of AEI were first added and ground, followed by adding
30 mg of each catalyst and 3.4 mg of Ultraflon MP-25 (FuelCellStore), to opti-
mize the water management. Ten milliliters of total solvents were added to each
mortar and ground for an additional 10 min to create low viscosity catalyst inks.
For the Pt/C (20 wt.%) cathode ink, 13.2 mg of AEI, together with 15.7 mg of
Pt/C catalyst (Alfa Aesar, 40% Pt on carbon black, HISPEC 4000), 12.5 mg of
additional carbon black (Vulcan XC-72), to increase the carbon loading to 80%
and dilute the Pt loading to 20%, 3.3 mg of Ultraflon MP-25 and 10 mL of total
solvents were used. To further compare the effect of the cathode catalyst layer
thickness, an additional cathode ink was made using Pt/C (40 wt.%). The same
amounts of AEI and Pt/C catalyst (Alfa Aesar, 40% Pt on carbon black, HiISPEC
4000) were used with no additional carbon black.The catalyst inks were sonicated
for 1 h in an ice-cooled ultrasonic bath. Following sonication, the cathode inks
were sprayed directly onto 5 cm* gas diffusion layers (Toray Carbon Paper 060
with Micro Porous Layer, FuelCellStore) with an Iwata HP-TH professional
airbrush. The loadings for the FeCoNC and FeCoNC-MgOAc GDEs were 0.96
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Mgeatalyse M2, while the Pt/C GDEs were loaded to 0.97 mgp, cm™and 0.56 mgp
cm?, respectively. The anode ink was spray deposited onto a 25 cm? gas diffusion
layer (Toray carbon paper, 060-TGP-H-060 with 5 wt.% PTFE wet proofing)
with a 5 um thick carbon microporous layer. Upon arriving at a PGM loading of
0.57 mgpiru cm 2, the 25 cm? GDE was cut into four smaller 5 cm?> GDEs. The
thicknesses of the anode and cathode catalyst layers were determined by mea-
suring the thickness of the GDEs in 5 different places with a Mitutoyo ABS Di-
gital Thickness Gauge (Item number: 547-526S) and subtracting the average
thickness of the pristine gas diffusion layers.The radiation-grafted LDPE-based
anion-exchange membrane (CI form ionic conductivity of ~63 mS cm™), were
immersed in 1 M KOH for up to a week before testing. All electrodes were im-
mersed in 1 M KOH aqueous solution for 1 h prior to cell assembly, with solution
changes every 20 min. Three different AEMFCs were assembled between two
5 cm? single-serpentine graphite bipolar flow field plates with Teflon gaskets and
torqued to 4.5 N m to achieve an average gas diffusion layer compression of 35%.
The cells were tested under H»/O, gas flows of 1 SLPM without back-pressuri-
zation in an 850E Scribner Associates Fuel Cell test station with cell temperature
of 55 °C and anode and cathode dewpoints set at 44 and 45 °C, respectively. After
acquiring the original polarization curves, the anode and cathode dewpoints were
further optimized for the best performance. In publication [V], for the preparation
of the cathode inks, 40 mg of a catalyst (FeNC, FeNC-T, or FeMnNC-T) was
dispersed in a mixture of Milli-Q water (1 mL), 2-propanol (2 mL) and 0.52 mL
of Nafion® ionomer solution (5 wt.%, Sigma-Aldrich) by sonication in an ice
bath for 2 h. A commercial Pt/C catalyst (46.1 wt.% Pt, Tanaka Kikinzoku Kogyo
K.K., Japan) was used to prepare anode electrode with the ionomer-to-catalyst
(I/C) ratio of 1:1. To prepare the MEAs the anode catalyst ink was spray-coated
with an airbrush (Paasche®, USA) on a GDL (BB-39, Sigracet) with a loading of
0.25 mgp, cm™ and dried at 80 °C. Then, the anode GDE was hot-pressed (Carver,
USA) with Nafion® NRE-211 membrane at 130 °C for 3 min at 0.3 metric-ton
load. After cooling to room temperature, the cathode catalyst layer was spray-
coated on the other side of the Nafion membrane until obtaining a cathode catalyst
loading of 4.0 mg cm™. The prepared MEA was assembled along with a Sigracet
BB-39 GDL in single cell (Fuel Cell Technologies Inc., USA). The fuel cell
polarization curves were recorded using Greenlight Fuel Cell Test Station (G40
Fuel Cell System, Hydrogenics, Canada) at 80 °C and 2.0 bar backpressures on
both the anode and cathode side. The flow rate of H, and O, gases (fully humidi-
fied) was 0.3 normal liter per minute (NLPM) in the PEMFC tests. In publication
[VI], GDEs with active areas sizes of 5 cm? were used. To prepare the cathode,
10 mg of powdered AEI a cross-linked polystyrene compound functionalized
with trimethylamine (Fumatech), was first added to a mortar and ground for 3
minutes. Following that, 25 mg of FeNC-LT and ~10 mL of total solvents (1 mL
of deionized water and up to 9 mL of 2-propanol) were added to the mortar
containing the AEI, mixed and ground for an additional 10 min to create a low
viscosity catalyst ink. A PtRu/C catalyst (Alfa Aesar, 40% Pt and 20% Ru on
carbon black HiSPEC 10000) was employed as the catalyst to make the anode.
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Approximately 19 mg of AEIL 51 mg of PtRu/C and an additional 25 mg of carbon
black (Vulcan XC-72) were added to the mortar and ground in a 1:9 mL deionized
water-to-2-propanol solvent ratio to create the ink. Both FeNC-LT and PtRu/C
catalyst inks were transferred to individual 50 mL plastic centrifuge tubes and
sonicated in an ice-cooled Grant XUBA3 ultrasonic bath at 100% intensity for
one hour. Following sonication, the cathode ink was sprayed directly onto a
5 cm? GDL (FuelCellStore, Toray Carbon Paper 060 with Micro Porous Layer)
with an Iwata HP-TH professional airbrush and dried at 140 °C on a drying plate.
The final loading of the FeNC-LT GDE was 0.89 mggexc.Lt cm ™. The anode ink
was similarly spray deposited onto a 5 cm? GDL (FuelCellStore, Toray Carbon
paper 060-TGP-H-060 with 20 wt.% PTFE wet proofing) to a PGM loading of
0.75 mgpra cm 2. Before cell assembly, the two GDEs and a 9 cm? piece of the
FAA-3-05-RF AEM (polymer reinforced with porous ePTFE-film, 7 um average
fully hydrated thickness) were submerged in separate petri dishes containing 1 M
KOH aqueous solution. The solution was changed every 20 min to ensure
complete ion-exchange. Following the soaking process, the MEA was assembled
between two 5 cm’ single-serpentine graphite bipolar flow field plates with
Teflon gaskets and torqued to 4.5 N m to achieve an average gas diffusion layer
compression of 35%. The thicknesses of the anode, cathode and AEM were
measured with a Mitutoyo ABS Digital Thickness Gauge (Item number: 547-
5268) prior to cell assembly to determine the appropriate gaskets. The cell was
tested in a Scribner Associates 850E Fuel Cell test station under H,/O» gas flows
of 0.5 SLPM at a cell temperature of 60 °C and anode and cathode dewpoints set
at 55 and 57 °C, respectively.
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6. RESULTS AND DISCUSSION

6.1 Catalysts derived from 5-methylresorcinol-
formaldehyde resin

In the first part of the work, two sets of Fe- and Co-containing nitrogen-doped
carbon materials were prepared from 5-methylresorcinol-formaldehyde (SMR-
FA) resins and different catalyst doping methods are compared [I]. Firstly, carbon
nanospheres (CNSs) were obtained by pyrolysis of SMR-FA nanospheres. Then,
the CNS were doped by pyrolyzing them in the presence of nitrogen and transition
metal precursors. Another set of materials were prepared by in-situ doping, where
the SMR-FA nanospheres were combined with the precursors and pyrolyzed. The
electrocatalytic ORR activity of these materials was characterized and compared.

6.1.1 Physical characterization of catalysts derived
from 5MR-FA resin

The morphology of the materials was characterized by SEM (Figure 4). It is
evident that the carbon nanospheres produced by the pyrolysis of SMR-FA nano-
spheres remain spherical during the second pyrolysis in the presence of nitrogen
and metal precursors. The structure of the N-doped carbon nanospheres (NCNS)
and transition metal-containing N-doped CNSs (CoNCNS and FeNCNS) is
similar, except that some carbon nanotubes (CNTs) were observed in Fe-con-
taining material. It has been demonstrated earlier that Fe-containing seeds cata-
lyse the formation of N-doped CNTs from nitrogen-containing precursors, in-
cluding DCDA [122]. Based on the SEM images the size of CNSs is in the range
of 90-160 nm. The metal content determined by EDS analysis was 1.1 wt.% in
CoNCNS and 2.1 wt.% in FeNCNS.

The one-step in-situ synthesis approach, i.e. pyrolyzing the mixture of SMR-
FA resin nanospheres, DCDA, and Fe/Co salt, leads to the catalysts of completely
different surface morphology (Figure 4d-f). Evidently, the spherical shape of the
SMR-FA precursor is not preserved in this synthesis method and porous carbon
materials with irregular structures are formed. It has been suggested that DCDA
may function as a cross-linking agent for the phenolic resin by reacting with
formaldehyde that can evolve during the suspension of the mixture [123]. The
loss of the structure has also been observed when polymer nanospheres were
pyrolyzed in the presence of melamine and it was proposed to be due to the
vigorous release of the reactive gaseous nitrogen species at high temperatures,
which causes swelling of the semi-carbonized nanospheres and changing their
pore structure [124]. As the ratio of DCDA to nanospheres is rather high in this
work, both of these effects could be the reasons of losing the nanosphere struc-
ture. It has also been noted that when nanospheres of phenolic resin are prepared
in the presence of DCDA as nitrogen precursor, the carbon nanospheres can only
be obtained in case of low amounts of DCDA [125]. According to the EDS
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analysis, metal content in CONC-MRFA and FeNC-MRFA was 3.1 and 3.4 wt.%,
respectively. Because the carbon is formed concurrently with the active sites by
pyrolyzing a carbon precursor alongside nitrogen and metal sources, it generally
allows for a higher concentration of active sites compared to the carbon doping
method.

Figure 4. Scanning electron microscopy images of the catalysts: (a) NCNS; (b) CoNCNS;
(c) FeNCNS; (d) NC-MRFA; (¢) CoNC-MRFA and (f) FeNC-MRFA.

XPS analysis was employed to characterize the surface composition of the
electrocatalysts. It is evident that the surface nitrogen content for metal-con-
taining N-doped carbon nanospheres (2.4 at.%) is lower than that of corres-
ponding non-spherical nanomaterials (8.2—8.7 at.%), suggesting that nitrogen
doping is more efficient when it occurs simultaneously with carbonization of pre-
cursors, as compared to post-doping of carbon spheres (Table 4). The metal
content on the surface is rather similar for both materials, being slightly higher in
case of cobalt (1.6—1.9 at%) as compared to iron (0.8—1.0 at.%). It is also apparent
that the N content is higher for metal-free N-doped materials. To determine the
types of N species in the catalysts, the N1s peaks of the high-resolution XPS
spectra were deconvoluted into up to five peaks with slightly different binding
energies that correspond to pyridinic (398.8 eV), metal-coordinated (M—Ny,
399.8 eV), pyrrolic (400.7 eV), graphitic (401.8 eV) and oxidized N (N-O,
403.3 eV). It is evident that pyridinic N, which is often suggested to be one of the
most active centres of ORR in N-doped catalysts [126], is the most prevalent
nitrogen type in the materials prepared in this work.
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Table 4. Surface elemental composition (at.%) and relative surface concentration of N
species in the catalyst materials determined by XPS.

Catalyst Surface elemental Relative surface concentration
composition (at. %) of N species (%)
C |FeorCo| N | O |M—Nx| N-O | pyridinic |pyrrolic| graphitic
NCNS 81.8 - 13.8/44| - 8.6 50.0 32.6 8.9
CoNCNS 92.1 1.9 2413.6]12.6 | 12.1 43.6 26.0 5.7
FeNCNS 926/ 0.8 2414.1]208] 94 42.5 21.6 5.7
NC-MRFA  [83.7 - 119144 - 6.2 42.3 51.5 -
CoNC-MRFA [85.3] 1.6 87143126 | 84 41.8 31.8 5.5
FeNC-MRFA [86.8] 1.0 82140143 ] 7.6 43.0 30.3 4.6

The N, physisorption on the materials was studied to describe the porosity of the
catalysts. According to IUPAC classification, type Il isotherms with a H3 type
hysteresis loop were observed (Figure 5a). From this data, the values of specific
surface area (Sger) were calculated to be about two times higher for CoNC-
MRFA and FeNC-MRFA (214 and 237 m? g, respectively) than those of the
spherical nanomaterials CONCNS (132 m? g'') and FeNCNS (112 m? g'). Simi-
larly, the total pore volume (V,) for CoNC-MRFA and FeNC-MRFA was
0.60 cm® g”!, whereas for CONCNS and FeNCNS it was 0.34 and 0.30 cm® g”',
respectively. The metal-free undoped and N-doped carbon nanospheres showed
higher porosity, Sger=453 m* g”! for CNS and Sger=421 m? g! for NCNS. Figure
5b illustrates the pore size distribution in the catalysts that show two maxima for
spherical materials, one at about 3 nm and another between 10 and 15 nm. Pre-
sumably, the former corresponds to small pores in the nanosphere structure and
the latter to the voids between the spheres. The main difference between metal-
containing and metal-free CNS is that the latter also contain some micropores.
The materials FeNC-MRFA and CoNC-MRFA have characteristic small meso-
pores with the size of about 4 nm, but also the larger mesopores of various sizes.
The much higher porosity of the in-situ doped catalysts could expose more active
sites to the electrolyte, thus increasing the electrocatalytic performance.
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Figure 5. (2) N adsorption isotherms and (b) pore size distribution for the catalysts.
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6.1.2 Electrochemical characterization
of catalysts derived from 5MR-FA resin

The electrocatalytic activity of the catalysts towards the ORR was studied in
0.1 M KOH solution. A comparison of the RDE polarization curves (Figure 6a)
indicates that the ORR performance of the materials greatly depends on their
composition, but also on the surface morphology. The undoped CNSs show the
lowest ORR activity, the onset potential of O, reduction being 0.77 V (Table 5).
This is somewhat increased for metal-free N-doped materials, as Eqonse= 0.81 V
for NC-MRFA and 0.84 V for NCNS. Fe- and Co-containing N-doped catalysts,
however, show remarkably higher performance, both in terms of Eonset and half-
wave potential (£12). With the Co-doped material displaying the highest £/, of
0.79 V. The most positive Eonset can be observed for FENC-MRFA, however, as
the current increase is steeper for CONC-MRFA, the latter displays the most posi-
tive value of Ei. The value of Ei5 is only 30 mV more negative for CoNC-
MRFA than for 20% Pt/C catalyst. It can be concluded that cobalt-containing
catalysts are slightly more active as compared to their iron-containing counter-
parts. Similarly, higher activity of Co-based materials as compared to Fe-con-
taining catalysts has been observed in previous researches, for instance, for
melamine-based carbon aerogels [127] and carbon-supported metal-aminopyrine
derived electrocatalysts [128]. However, some other studies of non-precious
metal catalysts report higher activity of Fe-containing materials as compared to
Co-based catalysts [129,130]. Apparently, there are many factors that could
contribute to the ORR activity of the catalysts. However, it is evident that the
non-spherical metal-containing N-doped catalysts are more active as compared
to those based on CNSs, displaying more positive values of Eonset and E1/,. Higher
activity of catalysts prepared via the in-situ doping can be related to their higher
SD, as evidenced by the higher total N content. Additionally, the importance of
the microstructure can be seen from these results, as the catalysts prepared via in-
situ doping display a much higher surface area and more mesopores, potentially
exposing more active sites to the electrolyte.
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Figure 6. (a) RDE voltammetry curves for O, reduction on the catalysts in O»-saturated
0.1 M KOH at 1900 rpm. v =10 mV s7'. (b) RDE voltammetry curves for O, reduction
in the presence of 10 mM NaCN.
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To study the ORR pathway in 0.1 M KOH solution for the catalyst materials, sets
of ORR polarization curves at various electrode rotation rates were measured and
analyzed by the K-L equation to obtain the n values (Table 5). The n value lower
than 4 indicates that the ORR proceeds partly by 2e” and partly by 4¢™ route. The
values of n between 3 and 4 were also observed for other metal-containing cata-
lysts and these were slightly lower for Co-based materials as compared to Fe-
containing catalysts. Similarly, higher n value, but lower activity of Fe-containing
catalysts as compared to Co-containing materials has been observed in some
other studies [127,128]. For the metal-free materials, the n values are still lower
(2<n<3), as the two-electron pathway is more dominant.

Table 5. Kinetic parameters for O, reduction for the catalysts in 0.1 M KOH.

Catalyst Eonsee(V) | E1p(V) |

CNS 0.78 0.58 22-2.8
NCNS 0.84 0.64 24-2.5
CoNCNS 0.90 0.77 32-33
FeNCNS 0.89 0.69 3.6-3.8
NC-MRFA 0.81 0.62 2.1-3.0
CoNC-MRFA 0.90 0.79 32-3.6
FeNC-MRFA 0.92 0.76 3.8-4.0
Pt/C 0.98 0.82 39-4.0

Based on these results, it is evident that transition metals play a tremendous role
in enhancing the ORR performance of the catalysts, as the metal-containing mate-
rials display considerably higher ORR activity, despite their lower total N con-
tent. The importance of nitrogen-coordinated metal ions as ORR-active centers
has been highlighted in many studies, however, as mentioned in Sub-section
4.3.2, it has also been suggested that metal-rich nanoparticles encapsulated in
carbon may contribute to the overall ORR activity. To assess the role of the N-
coordinated Fe and Co in the ORR, the RDE experiments were carried out in the
presence of NaCN in the electrolyte solution. It is well-known that the CN™ anions
can strongly coordinate with surface transition metal centers and block these,
which leads to inhibition of the ORR process [131,132]. The RDE data in Figure
6b clearly shows that the ORR performance remarkably decreases in the presence
of CN~ for all metal-containing catalysts, the Eonset shifting negative by up to 120
mV. However, the ORR activity still remains higher as compared to that of the
metal-free catalysts. This can be due to the effect of the metal to the structure and
composition of the pyrolyzed materials. In addition, it suggests a possible contri-
bution of carbon-encapsulated metal-containing nanoparticles to the ORR acti-
vity of the catalysts.
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6.2 5-methylresorcinol-derived catalysts prepared
via one-pot synthesis

From the first work it was concluded that the in-situ doping method yields cata-
lysts with superior activity by increasing the SD due to the more efficient doping,
and the SMR-FA nanospherical structure is not maintained during this. As such,
in the second part of the work the polymerization between 5-methylresorcinol
and formaldehyde was not performed, and SMR was directly used as the carbon
precursor in the pyrolysis alongside with DCDA and Fe and/or Co salts. In this
work the precursor ratios were optimized to obtain the highest electrocatalytic
activity for ORR [II].

6.2.1 Physical characterization of 5SMR-derived catalysts

Figure 7 shows the SEM micrographs of the catalyst materials prepared via the
one-pot synthesis method. The findings indicate that a nanostructured morpho-
logy is effectively created during pyrolysis. It has been proposed that DCDA
forms graphitic carbon nitride between 300—-600 °C, which acts as a template
during carbonization of organic precursors [133]. At higher temperatures, it de-
composes into reactive gaseous nitrogen species that contribute both to the
porosity and nitrogen-containing active centers in the final catalyst material
[134,135]. Acid washing did not change the overall surface morphology of the
catalysts as can be seen from Figure 7.

Figure 7. Scanning electron microscopy images of the FeCoNC-OP (a,b) and FeCoNC-
OP-at (c,d) catalyst materials.
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The STEM images of bimetallic catalysts (Figure 8a—b) show that both materials
contain metal-rich nanoparticles with the size of about 520 nm that are rather
evenly distributed on carbon support. Although it is expected that metal and metal
oxide nanoparticles would dissolve during the acid treatment, this is not the case
and there is no remarkable decrease in the number of particles. The reason for
this is seen in HR-TEM images in Figures 8c, which demonstrate that metal
nanoparticles are encapsulated in carbon shells with the variable thickness of
about 5-15 graphitic layers. The formation of carbon-covered metallic nano-
particles in pyrolysis of such materials has been noted in several reports [102,136,
137]. As mentioned in Sub-section 4.3.2, while these sites have lower TOF value
than M—Ny moieties, they can act as additional active sites increasing the SD and
help to modulate the surrounding M—Ny centers boosting their activity. The
elemental distribution of the materials is shown in the images of EDS mapping
(Figure 8d—f), which reveal that N atoms are evenly distributed on the carbon
material. As expected, Fe and Co are both present in nanoparticles, but also
distributed all over the carbon support, presumably as M—Nj centers.

Map data 645
HAADF MAG:840kx_HV: 200kV

Figure 8. (a, b) TEM, (c) HAADF-STEM, and (d—f) EDS mapping images of FeCoNC-
OP-at.
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To determine the specific surface area and pore size distribution of the materials,
N> physisorption on the catalyst samples was studied. Type III isotherms with a
H3 type hysteresis loop, according to the IUPAC classification, were observed
[II]. The materials are largely mesoporous with some microporosity, between 8—
17% of the total pore volume (Table 6). Both Fe and Co doped catalysts have
similar Sger values, but the bimetallic material has a comparatively lower Sger.
Acid leaching had an observable effect on the Sper and porosity of catalysts doped
with one metal, with catalysts that were treated in acid possessing larger Sger and
Vio. It is likely that during this process some metal particles that may have been
blocking the pores were removed. Interestingly, acid treatment did not have a
remarkable effect on the Sger or porosity of the bimetallic material, which has a
lower micropore volume compared to the other materials. The PSD curves (Fi-
gure 9a) show that the materials have many small mesopores (<5 nm), but also a
rather continuous distribution of larger mesopores (<30 nm).
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Figure 9. (a) Pore size distribution and (b) XRD patterns of the catalyst materials shown
in the legend.

Table 6. Specific surface area (Sger), total pore volume (Vio), and micropore volume (V)
of the catalysts.

Sample Sger (m? g™ Vit (cm® g1 V,(cm’ g™
FeNC-OP 310 0.52 0.08
FeNC-OP -at 404 0.60 0.10
CoNC-OP 307 0.60 0.07
CoNC-OP-at 395 0.61 0.09
FeCoNC-OP 297 0.63 0.05
FeCoNC-OP-at 292 0.61 0.05
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The crystallographic structure and composition of the catalyst materials was
studied using the XRD analysis (Figure 9b). The wide, sharp-tipped peak at 26°
(260) indicates a heterogeneous structure with both bigger and smaller bundles of
graphite and structurally unlinked graphitic layers. The bimetallic material has a
more homogenous structure. For Co-containing materials, the XRD analysis
confirms the presence of metallic cobalt, with the crystallite size of 15.2+0.3 nm
in CoNC-OP and 10.8+0.4 nm in CoNC-OP-at, as determined by Rietveld ana-
lysis. The FeNC-OP material contains both iron nanoparticles (crystallite size
28.5+£1.0 nm) and Fe304 (23.9£1.0 nm). Most of the metal in the FeNC-OP-at is
in oxide form, with crystallites of 22.6+0.6 nm in size. The bimetallic materials
contain FeCo alloy, with the Fe-to-Co ratio of about 1:1 and the crystallite size
of 12.040.3 and 15.5+0.8 nm for FeCoNC-OP and FeCoNC-OP-at, respectively.
These values are in rather good agreement with the particle sizes estimated from
the TEM images.

The results of the surface elemental composition of the catalyst materials
determined by XPS analysis (Table 7, Figure 10) shows the presence of carbon,
nitrogen, oxygen, iron and/or cobalt. Unsurprisingly, the surface metal content
was higher for the untreated catalysts, since transition metal-containing nano-
particles that are not encapsulated in carbon are removed during acid leaching. A
small decrease in N content with acid leaching and 2™ pyrolysis can also be
observed for all materials. Interestingly, the total surface content of metals as well
as nitrogen content is nearly twice as high in the bimetallic catalyst as compared
to the FeNC-OP or CoNC-OP materials. To assess the presence of different N
species in the catalysts, detailed N 1s spectra were deconvoluted into six sub-
peaks [11].
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Figure 10. XPS survery spectra with the insets showing detailed N 1s spectra, for (a)
FeCoNC-OP and (b) FeCoNC-OP-at

In all catalysts, pyridinic-N (at about 398.5 eV) is the most common surface N
species. However, considerable amounts of hydrogenated-N (~400.5 eV, includes
pyrrolic-N and hydrogenated pyridine), graphitic-N (~402.0 eV) and metal-co-
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ordinated N (M—Ny, ~399.4 eV) were also detected. Graphitic-N and pyridinic-N
species have been shown to play a key role in the ORR. It has been suggested that
graphitic-N groups not only enhance the dissociation of O, molecules on the
neighboring carbon atoms, but also promote the creation of strong chemical
bonds between carbon and oxygen atoms, thus reducing the ORR activation
energy [138]. High content of pyridinic-N is often correlated with high ORR
activity [46,139]. However, some other studies have reported pyrrolic-N to be
responsible for the activity [86,106,140]. The M—N centers have been shown to
provide the highest ORR activity of such catalysts, especially in acidic solution,
but also in alkaline media [139,141]. Still, the chemical nature of nitrogen-
containing active sites or which N-functionality is responsible for ORR activity,
is as of yet not entirely clear [104]. The bulk transition metal content was deter-
mined by MP-AES (Table 7). The analysis revealed that although the metal
content in FeNC-OP-at and CoNC-OP-at was significantly lower than that in non-
acid treated materials, a rather high amount of transition metals remains in the
catalyst. As the metal and metal oxide nanoparticles are expected to dissolve in
acid, the remaining part should be either in the form of carbon-encapsulated
nanoparticles or atomically dispersed metal centers in carbon structure. Most
remarkably, the bulk metal content was least affected by acid treatment for the
FeCoNC-OP material. This can be explained by the higher amount of the metal
being incorporated into the material as atomically dispersed active sites, which
could be the reason for increased ORR electrocatalytic activity of the FeCoNC-
OP-at catalyst.

Table 7. Surface elemental composition of materials determined by XPS and bulk metal
composition determined by MP-AES.

Bulk metal
Surface elemental composition (at.%) composition
Catalyst (wt.%)
C o N Fe Co Fe Co
FeNC-OP 83.3 7.3 8.9 0.5 - 15.0 -
FeNC-OP-at 88.0 59 5.8 0.3 - 9.8 -
CoNC-OP 82.7 6.4 9.9 - 1.2 - 20.1
CoNC-OP-at 86.7 |44 8.2 - 0.8 - 10.0
FeCoNC-OP 72.8 7.3 17.3 1.0 1.6 7.9 8.8
FeCoNC-OP-at 774 54 15.2 0.7 1.3 5.7 7.7

The detailed 2p photoelectron spectra of Fe and Co [II] consist of multiple peaks
corresponding to oxidized forms of the metals, which can be bulk oxides, but also
nitrogen-coordinated metal. However, it is not possible to precisely identify these
components, as there are probably several different overlapping metal states,
consisting of multiple peaks due to multiplet splitting and charge transfer effects
[69]. The surface of materials contains only a very low percentage of metallic Fe
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and Co, which have slightly lower binding energies than oxidized metals (706.6
and 778.1 eV, respectively). The Raman spectra of the catalysts were normalized
to the intensity of the G band [II]. The ratio of the integrated areas of D1 and G
peaks Ipi/lc was found to be between 1.5—-1.7 for single metal catalysts, but much
higher, 2.5-2.7 for bimetallic materials [II]. High width of D1 and G bands and
high Ipi/Ig ratio both indicate that all six samples have highly amorphous carbon
structures, as commonly observed for N-doped carbon materials. The apparent
effect of decreasing graphitic lattice disorder is observed for all six samples after
the acid treatment and second pyrolysis. This can be explained by increasing the
graphitization of these materials during the second pyrolysis and removal of some
N- and O-containing surface defects, as indicated by the XPS data (Table 7).

6.2.2. Electrochemical characterization of 5MR-derived catalysts

The main aim of this part of the work was to optimize the ratio of precursors in
the catalyst synthesis in order to obtain the materials with highest ORR activity.
The results showed that the presence of sufficiently high amount of metal pre-
cursor as well as DCDA is necessary to obtain highly active materials [II]. Pre-
sumably DCDA exerts a role in both creating optimal nanostructure during pyro-
lysis, as well as increasing the amount accessible active sites in the catalysts.
DCDA forms a layered graphitic carbon nitride template (g—CsN4) during the
annealing [142]. Li et al. proposed that g-C3N4 template then binds with the aro-
matic carbon intermediates through donor-acceptor interactions; as the tempera-
ture rises the carbon nitride decomposes and the final nanocarbon material is
obtained [133]. From these results, the materials prepared using the SMR-to-
DCDA ratio of 1:10 and metal-to-SMR ratio of 1:20 were selected for further
studies. In addition, the effect of acid treatment on these catalysts was studied.
Comparison of the RDE polarization curves of the ORR on the catalyst materials
before and after acid treatment [II] reveal that the electrocatalytic performance of
the materials is slightly improved by acid leaching. The higher activity likely
results from the removal of inactive metal species that may be blocking the pores,
thus increasing the amount of accessible active sites. The partial removal of metal
during acid treatment is also confirmed by MP-AES analysis (Table 7).

After the synthesis conditions were optimized the role of different transition
metals on the ORR activity was studied. We also investigated the potential of a
bimetallic catalyst, combining the advantages of both single-metal sites. Com-
parison ORR activity of these catalysts is given in Figure 11a and Table 8 and
compared against a commercial Pt/C catalyst. The onset potential for both FeNC-
OP-at and CoNC-OP-at is slightly more negative than that of Pt/C, however the
bimetallic FeCoNC-OP-at material shows comparable activity to the Pt-based
catalyst with similar ORR onset and half-wave potentials. The K-L plots were
used to obtain the n value for the catalysts (Table 8 and Figure 11b). The Co-
doped catalysts displayed a relatively lower n value, while the Fe- and FeCo-
containing catalysts had an n value close to 4.
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Table 8. Kinetic parameters for O, reduction on the catalysts in 0.1 M KOH.

Catalyst Eopsee(V) | Eip(V) | nat0.6V
FeNC-OP 0.92 0.78 -
CoNC-OP 0.92 0.79 -
FeCoNC-OP 0.92 0.80 -
FeNC-OP-at 0.92 0.80 3.8
CoNC-OP-at 0.92 0.80 3.6
FeCoNC-OP-at 0.94 0.83 4.0
Pt/C 0.96 0.83 4.0

Many other groups have also reported bimetallic catalysts to show better ORR
performance than catalysts doped with a single metal [129,143,144]. This can be
attributed to a synergistic effect of Fe—N4 and Co—Njy centers, as indicated by
density-functional theory (DFT) calculations [145]. The calculations have sug-
gested that pre-adsorption of "OH boosts the ORR activity of N-coordinated dual
metal sites and the lowest ORR overpotential among dual metal sites was pre-
dicted for FeCoN¢(OH) centers [146]. It is not possible to confirm based on our
data if the dual metal sites exist in FeCoNC-OP-at material, but it is evident from
the XPS measurements that both metals are present on the surface and are at least
partly coordinated to N atoms. However, the higher ORR activity of bimetallic
material as compared to both single-metal counterparts can also be explained by
the considerably higher total metal and nitrogen contents on the surface, as
indicated by XPS analysis (Table 7), which suggests that the amount of the ORR-
active centers in this electrocatalyst could also be higher. The Co-doped catalysts
show slightly more positive Ej, values compared to Fe-doped catalysts. This
implies that both the amount and nature of the M—Ny moieties have a direct
impact on determining the overall activity of ORR electrocatalysts. However,
there can be other factors at play, for example, metal particles encapsulated in
graphitic layers can also be active centers for ORR by modifying the electronic
properties of the surface carbon layer [70]. These centers are very sensitive to the
thickness of the surrounding carbon shell, which means that the activity of these
can be hugely varied depending on the synthesis procedure used [70]. In addition,
it has been demonstrated that if the carbon shell is rather thick, then the ORR
activity of the materials is mostly related to M—N, centers and metal nanoparticles
encapsulated in nitrogen-doped carbon layers are much less active [147]. It is
clear that the final ORR electrocatalytic activity of the catalysts depends on a
multitude of aspects in the catalysts structure and composition and possible syner-
gistic effects make the rational design of the catalysts even more complicated.
Thus, it is expected that further fine-tuning of the synthesis process and varying
the amounts of precursors could allow to further improve the electrocatalytic
activity of the materials.

48



(a) T T T T T (b)
0l ——NC-OP

0.7 P v T T T T T T =
—— FeNC-OP-at Mo 1
4 |. —— CoNC-OP-at 06, “fo 5
—— FeCoNC-OP-at r E . 1
——PC 20 wt% ~_ 05| % d
o P g LS J
£ gl S

o -3t \J ro 7
2 < | | ]
03 i
£ <t 07V

— d v O
5t 02 & ® 05V .
¥ e 03V 1
6F ] 0.1 = 01V 1
/ b 4
. . . s . oop g
0.0 02 04 06 08 1.0 0.00 0.05 0.10 0.15 0.20

Evs RHE/V

m-1l2, I’ad -2 s 112

Figure 11. (a) RDE voltammetry curves for O, reduction on various catalysts in O,-
saturated 0.1 M KOH at 1900 rpm, and (b) K-L plots for FeCoNC-OP-at with the inset
showing RDE voltammetry curves for O, reduction at different rotation rates.

Stability of the catalysts is of major concern from practical applicability point of
view. There are several explanations for the loss of stability, for example the loss
of metallic ions in active sites or the generation of H,O, that may oxidatively
degrade the catalyst [148]. In order to test the stability, the catalysts were sub-
jected for 15000 potential cycles between 1 and 0.6 V vs. RHE. Figure 12a shows
the RDE results of the FeCoNC-OP-at catalyst before and after the potential
cycling. The Eonse: values for all catalysts were slightly shifted toward more nega-
tive potential; by 20 mV for FeNC-OP-at, CoNC-OP-at and 35 mV for FeCoNC-
OP-at. For FeCoNC-OP-at and CoNC-OP-at the E\/; value shifted by 20 mV after
15,000 cycles, whereas FeNC-OP-at was less stable (AEi, = 50 mV). The
superior stability of Co-based catalysts could be due to Co—Ny moieties gene-
rating less reactive oxygen species through subsequent reactions with H,O, [149].
In general, all the catalysts studied in this work showed high stability after 15000
potential cycles.

In order to further confirm the importance of M—Nx moieties in ORR electro-
catalysis, the RDE experiments were also carried out in the presence of CN~
anions, which strongly coordinate to these centers and block them [150]. For all
catalysts, the ORR performance decreased in the presence of CN™ anions, as their
E\;; value shifted by 60 mV to a more negative potential (Figure 12b). This
indicates that the high ORR activity of these materials is largely related to M—Ny
centers and by blocking these, the remaining activity can be attributed to metal-
free N centers and metal nanoparticles. M—Ny are suggested to be the active sites
for ORR in acidic as well as in alkaline solution [151]. However, there are also
many examples of metal-free N-doped carbons showing high ORR activity and
various N functionalities, such as pyridinic and graphitic N have been proposed
as active sites [104]. In addition, it has been reported that metal-containing nano-
particles encapsulated in N-doped carbon enhance the activity of N centers
[137,152]. Thus, although the electrocatalytic activity of metal-containing cata-
lysts in the presence of CN™ is still considerably higher as compared to metal-free
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catalyst material (NC-OP in Figure 11), it does not necessarily imply that this is
due to the direct role of metal not incorporated in M—Ny centers, i.e. metal-
containing nanoparticles. It is expected that the presence of transition metal
during the pyrolysis has a strong effect on the resulting catalysts morphology,
which may also positively affect their ORR performance.
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Figure 12. (a) RDE voltammetry curves before and after 15,000 potential cycles for
FeCoNC-OP-at and (b) RDE voltammetry curves for O, reduction in 0.1 M KOH in the
presence of 10 mM NaCN.

6.2.3. AEMFC results of SMR-derived catalysts

To evaluate the practical applicability of the catalysts, fuel cell tests in a single-
cell AEMFC were carried out, using FeCoNC-OP-at and commercial Pt-Ru/C as
the cathode and anode catalysts, respectively (Figure 13). A maximum power
density (Pmax) of 415 mW cm 2 and current density of 170 mA cm™ at 0.8 V were
obtained. The maximum power density obtained in this work with FeCoNC-OP-
at as the cathode catalysts is mediocre among Fe—Co based bimetallic electro-
catalyst (Table 1). However, it is difficult to directly compare the fuel cell per-
formance due to the large differences in experimental procedures. Most signifi-
cantly, water management is of critical importance to obtain high performing
AEMFC, but the balance between membrane hydration and catalyst flooding is
very delicate and may be further affected by the backpressure [66,153]. In addi-
tion, the cell components, especially the anion exchange membrane, can have a
huge impact on the overall AEMFC performance. The key properties of the mem-
brane influencing water management are ionic conductivity and water diffusivity
[154]. In this work HMT-PMBI was used as the AEM because of its favorable
properties, especially high ionic conductivity and water permeability [155].
Furthermore, it has been shown that improved methods of ink preparation to opti-
mize catalyst layer porosity and the use of thinner membranes are all important
to obtain high maximum power densities [66]. Thus, it is expected that further
optimization of the experimental procedures, including MEA preparation and
water management, could lead to even higher AEMFC performance.
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Figure 13. AEMFC polarization and power density curves with FeCoNC-OP-at cathode
catalyst. 60 °C, 2 bar backpressure and H, and O, (fully humidified) flow rate 0.1 NLPM.

6.3 5-methylresorcinol-derived bifunctional catalysts

As a continuation of the work described in previous section, the possibility of
preparing bifunctional ORR and OER electrocatalysts using the already opti-
mized synthesis procedure was investigated [II1]. These bifunctional catalysts can
be used in rechargeable metal-air batteries. However, since Fe and Co doped cata-
lysts show little activity towards OER, Ni was introduced into the catalyst
materials, since it is well known that FeNi-based catalysts are considered the best
option for water splitting. It is shown that by modifying the morphology and
composition ratio of Fe—Ni alloy catalysts, their bifunctional activity can be
significantly enhanced.

6.3.1 Physical characterization of bifunctional catalysts

The bifunctional catalysts were investigated by SEM. Similar to publication [1I]
the results indicate that pyrolysis of SMR, DCDA and metal salt precursors yields
unoriented sheet-like carbon structures (Figure 14a). To further observe the
morphology and element distribution of the NiFeCoNC-OP catalyst material,
TEM was used. The HAADF image (Figure 14b) shows that the trimetallic mate-
rial contains metal-rich nanoparticles sized between 10—30 nm. EDS mapping
images (Figure 14c-f) reveal homogeneous dispersion of N, Ni, Co and Fe
elements throughout the entire material, verifying the uniform doping and dis-
persion of active sites. It is also revealed that the metal nanoparticles in Figure
14b consist of all three metals, most likely an alloy. FeNi-based catalysts are
generally considered to be the best option for OER due to their low cost and high
performance [156].
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Figure 14. Electron microscopy images of NiFeCoNC: (a) SEM image, (b) HAADF
image and (c—f) EDS elemental maps from the same area.

Micro-Raman spectra of the catalysts are presented in Figure 15a, where carbon
D and G bands at 1350 and 1586 cm™', respectively, are observed. The Ip/IG ratios,
where Ip and /g are integrated areas under the bands, were between 1.5-2.3 [II1],
indicating disordered and defective graphitic structures [157]. Specifically, for
NiFeCoNC-OP the Ip/lg ratio is 2.3, suggesting that the carbon contains a high
number of structural defects, which could be active sites for ORR.

XRD patterns of the catalyst materials exhibit wide diffraction peak at appro-
ximately 26°(20) (Figure 15b), corresponding to graphitic carbon with the aver-
age crystallite size (perpendicular to graphitic layers) of about 2 nm. The rest of
the peaks can be indexed to metal alloys, Ni (in NiFeNC-OP) and Fe;NiO4 (in
NiFeNC-2-OP). The crystallite size of the metal alloys varies between 8 and
29 nm, but the exact composition of alloys cannot be determined from these XRD
data. The bulk transition metal (Ni, Fe and Co) content was determined by MP-
AES (Table 9). The total metal content in the catalyst materials varies between
13-24 wt.%, being higher than the surface metal content as determined by XPS.
Similar results were obtained by SEM-EDS analysis [III]. This suggest that only
part of the metal is located in M—N sites on the surface, while the remaining is
in the form of metal nanoparticles, which may be encapsulated in N-doped carbon
sheets that have been shown to improve the electrocatalytic ORR and especially
the OER activity [143,158].
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Figure 15. (a) Raman spectra and (b) XRD patterns of the catalyst materials shown in the
legend.

Table 9. Bulk metal composition (wt.%) of catalyst samples as determined by MP-AES.

Catalyst Ni Fe Co
NiCoNC-OP 16.73 0.06 8.14
NiFeNC-OP 12.99 5.82

NiFeNC-2-OP 4.25 9.02 0.06
NiFeCoNC-OP 4.71 4.80 4.81

6.3.2 Electrochemical characterization of bifunctional catalysts

Bifunctional electrocatalysts as oxygen electrodes in rechargeable metal-air
batteries should efficiently catalyze both the oxygen reduction and evolution
reactions. The complication is that active ORR catalysts do not necessarily show
good electrocatalytic activity toward the OER and vice versa, since the reactions
are catalyzed by different active sites.

The ORR and OER electrocatalytic performance of metal-containing N-doped
catalysts was evaluated in O,-saturated 0.1 M KOH and the applicability of
bifunctional electrocatalysts was expressed as the potential gap AE = Ejio-E1n,
where Ejj is the potential at josr = 10 mA cm > Figure 16a shows the ORR
polarization curves of bi- and trimetallic catalysts prepared using various contents
of metal salts. The Ni-containing bimetallic materials display moderate ORR
activity, but their performance decreases with increasing Ni content, as can be
seen from a comparison of NiFeNC-OP (Ni:Fe = 2:1 by weight) and NiFeNC-2-
OP (Ni:Fe = 1:2) materials (Table 10), implying that the ratio of metals in the
catalyst has a significant effect on the ORR activity; similar results were obtained
by Serov et al. [159]. Among all the prepared materials, NiFeCoNC-OP exhibits
the best ORR electrocatalytic activity with £1, of 0.84 V, nearly reaching that of
the commercial Pt/C catalyst (£, = 0.85 V). As a comparison, single-metal
catalysts were also prepared and tested [III]. From these, FeNC-OP and CoNC-
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OP exhibited reasonable ORR activity with similar Eqnset 0f 0.93 V vs. RHE and
E1 0f 0.82 V, and as expected, NiNC-OP was less active (E1,=0.77 V).
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Figure 16. Comparison of RDE voltammetry curves for (a) O, reduction and (b) O,
evolution on various catalysts in Ox-saturated 0.1 M KOH at 1900 rpm. v = 10 mV s\

Table 10. Kinetic parameters for O, reduction and evolution for the catalysts.

Catalyst Ein (V) Ej10 (V) AE (V)
FeNC-OP 0.82 1.75 0.93
CoNC-OP 0.82 1.74 0.93
NiNC-OP 0.77 1.71 0.94
NiCoNC-OP 0.82 1.77 0.95
NiFeNC-OP 0.78 1.62 0.84
NiFeNC-2-OP 0.83 1.67 0.84
NiFeCoNC-OP 0.84 1.59 0.75

The OER activity of various catalysts was also evaluated (Figure 16b). Similar to
ORR, the mono-metallic catalysts display lower electrocatalytic activity [III]. A
high OER overpotential on FeNC-OP could be explained by the strong adsorption
of OER intermediates on the Fe—Ny centers, causing a high activation barrier
[160]. The OER performance can be significantly enhanced by incorporation of
additional metals. Studies indicate that the coexistence of Fe and Ni can drama-
tically enhance the OER activity by affecting the electronic structure of the active
sites, leading to a reduced activation energy [161]. Indeed, Ejio= 1.67 V was
obtained with NiFeNC-2-OP catalyst that has the Ni:Fe mass ratio of ca 1:2, while
for NiFeNC-OP (Ni:Fe = 2:1) the Ejioreaches 1.62 V. The NiFeCoNC-OP cata-
lyst containing all three metals exhibits the best OER activity (Ejio= 1.59 V),
outperforming the benchmark RuO, catalyst (Ejio = 1.63 V). NiFeNC-2-OP
shows good activity towards the ORR, but the catalyst has relatively poor activity
for OER (AE = 0.84 V). The opposite is true for NiFeNC-OP (AE = 0.84 V),
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while NiCoNC-OP has low activity for both reactions (AE = 0.95 V). The tri-
metallic NiFeCoNC displays the best bifunctional activity (AE = 0.75 V). Similar
results were obtained by Mao et al. with bimetallic catalysts, which generally
outperformed monometallic catalysts and the trimetallic electrocatalyst con-
sisting of Ni, Fe and Co showed the highest electrocatalytic activity [162]. Still,
the role of each metal in multi-metallic catalysts as well as their synergistic effects
are as of yet unclear. Presumably, different components adopt separate key
functionality needed for OER and it is this synergy that provides the optimal
performance for OER.

The stability of NiFeCoNC-OP was assessed through continuous potential
cycling and only a negligible decay in £/, for ORR is detected after 1000 poten-
tial cycles between 1.0 and 0.6 V (Figure 17). On the other hand, the value of Ejio
experienced a drop of 30 mV after only 1000 CVs between 1.0 and 1.7 V. It is
generally accepted that carbon-based catalysts are more unstable at positive
potentials due to the highly oxidative conditions that causes significant carbon
corrosion and demetallation [163]. While the catalysts show good stability for
ORR, the decrease in activity after only 1000 cycles at positive potentials re-
quired for efficient OER is too large for any practical application (i.e. in metal-
air battery). Thus, further research is needed to increase the durability of these
catalyst materials.
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Figure 17. (a) RDE voltammetry curves for O, reduction on a NiFeCoNC-OP catalyst
before and after 1000 potential cycles and (b) RDE voltammetry curves for O, evolution
on a NiFeCoNC-OP catalyst before and after 1000 potential cycles. Test conditions:
0.1 M KOH at 1900 rpm, v =10 mV s\,

6.4 Catalysts prepared using magnesium-based templates

In the fourth part of the work, the effect of tuning the catalysts nanostructure by
using magnesium-based sacrificial template was investigated [IV and V]. The
catalysts were doped with iron or using a combination of Fe-Co or Fe-Mn. Mn
was added to improve the durability of the PGM-free catalyst in highly oxidative
environments, such as in PEM fuel cells. The addition of the Mg-based template
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in catalyst preparation modifies the nanostructure of the catalyst and significantly
increases the electrocatalytic performance in fuel cells, thanks to the increased
surface area that exposes more active sites and mesoporous structure that allows
for more efficient reactant transport through the catalyst layer. The catalysts pre-
pared in the presence of template showed over twice higher maximum power
densities in both AEM and PEM fuel cells than non-templated catalysts.

6.4.1 Physical characterization of templated catalysts

The catalysts prepared with Mg-based templates display a layered heterogenous
sheet-like morphology, as can be seen from the SEM image in Figure 18a. DCDA
serves a dual purpose in the synthesis procedure, acting as the structure directing
agent and as the nitrogen dopant. During the pyrolysis between 300—600 °C,
DCDA undergoes polymerization forming layers of graphitic carbon nitride (g—
CsNy) [164]. The carbon precursors will be trapped between these layers. As the
temperature increases, g-C3;Ns4 decomposes into reactive gaseous nitrogen
species, introducing nitrogen into the carbon framework formed [134]. When the
template precursor Mg acetate is also present, the preparation process is ac-
companied by the decomposition of acetate and the evolution of gases. Prior work
published by Inagaki’s group revealed that acetate is fully decomposed into MgO
nanoparticles, whereas other salts such as gluconate or citrate become additional
sources of carbon [118]. The SEM images (Figure 18a and [IV, V]) reveal that
there are no noticeable differences in morphology between the materials prepared
with and without the Mg acetate.

TEM was used to examine the morphology and elemental distribution of the
catalyst materials in greater detail. Elemental EDS mapping images (Figures 18d-
e, [IV]) indicate homogenous dispersion of N and O elements throughout the
material, verifying successful doping. From Figure 18d, e, it is apparent that the
transition metals are evenly distributed over the carbon support, presumably as
M-Ny centers; however, some metal-rich nanoparticles sized between 5 and
20 nm can also be seen in the HAADF image (Figure 18c). The bimetallic mate-
rial prepared without the template, FeCoNC, displays far fewer nanoparticles
[IV]. It is also revealed that the metal nanoparticles in bimetallic catalysts consist
of both iron and cobalt and are encapsulated in graphitic carbon shells (Figure
18b). Such nanoparticles have been noticed in several reports and are thought to
be electrocatalytically active toward ORR in alkaline media [137,165]. No large
particles containing Mg were found; nonetheless, about 1 wt.% of magnesium is
still left in the material even after the acid washing procedure. It has been shown
that Mg can also form M—Ny sites, which cannot be removed during the acid
washing step [107].
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Figure 18. (a) SEM image, (b) STEM BF image, (c) HAADF-STEM, and (d,e) EDS
mapping images of FeCoNC-MgOAc.

Similar conclusions were reached in work [V], where TEM images reveal the
presence of metal-rich nanoparticles ranging in size from a few nanometers up to
approximately 25 nm. Similar to FeCo-doped materials, these nanoparticles are
encapsulated in graphitic carbon shells [V]. The addition of manganese helps to
prevent agglomeration as the FeMnNC-T catalyst seems to contain less large iron
particles compared to FeNC-T. Further EDS mapping images (Figure 19) provide
evidence for the existence of finely dispersed metal sites in the carbon structure,
possibly as atomically dispersed M—Ny centers (Figure 19b and f). Similar to
FeCo-containing catalysts, no large particles containing magnesium were found,
but residual amounts of Mg are present in the material even after undergoing the
acid washing procedure (Figure 19¢ and g).
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Figure 19. (a, ¢) HAADF-STEM images and (b, c, d, f, g, h) EDS mapping images of (a-
d) FeNC-T, and (e-h) FeMnNC-T catalysts.

The specific surface area and pore size distribution were determined by N,
physisorption analysis. Type Il isotherms with an H3 type hysteresis loop were
observed for all the catalysts (Figure 20b). The materials are predominantly
mesoporous with a fairly wide pore size distribution (Figure 20a), due to g—C3N4
that acts as the structure directing agent, as well as the gradually released gases
from thermal decomposition of g-C3;Ny4 [164]. The addition of Mg acetate signi-
ficantly increases the surface area of the materials obtained. During pyrolysis at
around 200 °C, Mg(CH3COO), is decomposed to give nanosized particles of
MgO and MgCN, [118]. As the temperature increases, the carbonizing phase
covers the nanoparticles as a thin layer. The Mg-based template is dissolved after
the pyrolysis to create additional mesoporosity. It has been noted that the morpho-
logy of the materials can vary remarkably depending on the synthesis conditions,
nature of MgO precursor and carbon precursor/Mg precursor mass ratio [118,
166]. The catalysts prepared without templates have the smallest Sger and Vi, and
the surface area increases by increasing the amount of Mg acetate (Table 11). The
addition of Mg-based templates seems to mainly increase the number of micro-
pores and small mesopores with a diameter of 3—4 nm; however, some larger
mesopores, in the range of 5-15 nm, are also created (Figure 20a). Such hierarchi-
cal porosity facilitates the mass-transfer of reactants to the active sites, enhancing
the overall reaction rate [141]. This leads to an increase in the proportion of
electrochemically available active sites, further improving the ORR activity of
the catalyst. For oxygen and water to be effectively transported in the cathode
layer, macropores are also necessary, however, the presence of these cannot be
detected using nitrogen physisorption analysis due to the upper limit of detection
of around 50 nm for this method.
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Table 11. Specific surface area (Sger), total pore volume (Vi), and micropore volume
(V) of the catalysts.

Catalyst Sger (m? g™!) Viot (cm® g1 Vi(em® g
FeNC 334 0.69 0.07
FeNC-MgOAc 561 0.91 0.13
FeCoNC 320 0.81 0.05
FeCoNC-MgOAc 505 0.87 0.11
FeNC-T 720 1.08 0.17
FeMnNC-T 694 0.99 0.16

The crystallographic structure and composition of the catalyst materials were
studied using XRD analysis (Figure 20c). The XRD patterns depict a wide, sharp-
tipped peak at 26° (26) characteristic of a disordered heterogenous carbon struc-
ture. Consistent with TEM results, the bimetallic catalyst FeCoNC-MgOAc has
peaks that can be indexed to CoFe alloy (PDF 01-071-5029). The iron-doped
catalysts display peaks indexed to Fe-carbide (PDF 00-034-0001) that completely
cover the Fe peak (PDF 04-007-9753). As can be seen in Figure 20c, in the case
of the non-acid treated material, the diffraction peaks for magnesium cyanamide
(PDF 04-007-7389) and MgO (PDF 00-045-0946) phase appear, with a crystallite
size of 4-5 nm obtained from the integrated width of the peaks, both of which are
assumed to be responsible for the increased porosity of the materials. It has been
observed in the literature that in the presence of an inorganic templating agent
and a nitrogen source like melamine or DCDA, certain inorganic nanoparticles
like cyanamides or carbides that act as graphitization catalysts are formed in situ
[167,168]. However, magnesium cyanamide and oxide phases are not detected in
acid-washed materials, evidencing the effective removal of the cyanamide and
MgO nanoparticles. The patterns reveal that before the acid treatment step there
can be some crystalline manganese species present, but it is impossible to confirm
the exact phase, as the peaks corresponding to different carbide phases (Mn, Fe)
and the alloys of the two metals all overlap. However, in good accordance with
STEM-EDS mapping images, no agglomerated crystalline phases of manganese
were observed after acid-treatment.
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Figure 20. (a) Pore size distribution, (b) N, adsorption-desorption isotherms, and (c)
XRD patterns of the catalyst materials.

The XPS analysis was performed to determine the surface elemental composition
of the catalyst materials (Figures 21a, b and Table 12). Carbon, nitrogen, oxygen,
iron, and cobalt were found on the surface of the catalysts. The oxygen content
was similar in all the materials; however, the nitrogen amount was almost twice
as high in bimetallic FeCo-containing catalysts as compared to Fe and FeMn-
containing materials, with the highest being 20 at.% in FeCoNC. The
deconvoluted N 1s spectra are displayed in insets of Figures 21a, b. Pyridinic
nitrogen (~398.5 eV) is the most common surface species for all the catalysts,
followed by hydrogenated nitrogen (~400.5 eV, combination of hydrogenated
pyridine and pyrrolic-N). Substantial amounts of graphitic-N (~402.0 eV) and
metal-coordinated nitrogen (M—Nx, ~399.4 eV) were also discovered. It is
thought that nitrogen atoms provide electrons to carbon's m-orbital, which can
then be transferred to O, m*-orbital, enabling O=0 bond splitting and enhancing
the ORR kinetics [169,170]. Even though nitrogen moieties are generally con-
sidered not to be very ORR-active in acidic media, it has been shown that highly
basic N-groups can enhance the TOF value of nearby M—Nj sites [171,172].
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Figure 21. XPS survey spectra of (a) FeCoNC-MgOAc and (b) FeMnNC-T catalysts,
with the insets showing detailed N 1s XPS spectra, and (c) Raman spectra of various
catalysts.

The first-order Raman spectra of the catalysts normalized to the intensity of the
G band are presented in Figure 21c. The widths of the G and especially D, band
are qualitative measures of structural disorder for defective carbon materials. It
can be concluded that all the catalysts are highly disordered, consistent with the
XRD results. However, it is apparent that the catalysts prepared with the addition
of Mg acetate have a discernibly higher degree of graphitization. The inclusion
of manganese seems to exhibit a higher ability to promote the graphitization of
carbon. Similar findings have been previously published [95,141], as such using
Mn to achieve a higher degree of graphitization represents a promising avenue
for designing PGM-free catalysts with improved durability. Previous studies have
demonstrated that a higher degree of graphitization is advantageous for ORR
catalysts by improving carbon corrosion resistance [173]. Unlike in Pt/C cata-
lysts, where carbon material primarily functions as a conductive support, carbon
in PGM-free catalysts directly interacts with and supports the active sites. If the
carbon material undergoes corrosion or degradation, it can have severe con-
sequences for the performance of the catalyst via the separation of the M—Nj sites
from the carbon planes, resulting in the loss of electrocatalytic activity [141].
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Therefore, a highly graphitized carbon support can enhance the overall stability
of the catalyst, but it may come at the expense of reducing the number of defects
available for anchoring the M—Nj sites. Achieving a balance between the density
of active sites and the graphitization degree of the carbon support is essential for
optimizing the catalyst performance [141].

Table 12. Surface elemental composition (at.%) of catalysts from the XPS data.

Catalyst C N 0] Fe Co | Mn
FeNC-MgOAc 87.1 5.9 6.8 0.2 - -
FeCoNC 69.4 19.9 8.9 06 | 1.1 -
FeCoNC-MgOAc 79.5 11.3 8.1 04 | 0.6 -
FeNC-T 85.0 7.3 7.7 0.3 - -
FeMnNC-T 88.3 5.0 6.2 0.3 - 0.2

SEM-EDS and MP-AES were used to determine the elemental composition of
the various catalyst materials [IV and V]. The metal content is around 5-8 wt.%
for all catalysts. The high iron and cobalt concentration lead to formation of
agglomerated species, i.e. iron carbide, iron and iron-cobalt alloy nanoparticles
in addition to atomically dispersed M—Nx sites. These sites form during high-
temperature treatment; first the iron precursor is reduced to form iron nano-
particles, which can then further react with the carbon forming iron carbide
(carbothermal reduction). During this the carbon structure is recrystallized re-
sulting in the loss of heteroatoms and formation of additional tetrapyridinic Fe—
Ny sites [101]. Around 1 wt.% of Mg is detected in the templated materials,
indicating that some Mg is likely in the form of Mg—N, moieties that are not
removed via acid treatment.

6.4.2 Electrochemical characterization of templated catalysts

RDE was used for the initial evaluation of electrocatalytic activity of the nano-
carbon-based catalysts toward the ORR in an aqueous 0.1 M KOH and 0.5 M
H»>SO4 electrolyte. The LSVs of the various catalysts are displayed in Figure 22
and Table 13. To find the optimal amount of Mg acetate, catalysts with different
precursor ratios were prepared. The highest ORR activity in alkaline solution was
achieved with a catalyst prepared using Honeyol to Mg acetate mass ratio of 2:1.
The catalysts with a smaller or larger ratio displayed more negative £/ values,
although still superior to the non-templated catalyst [IV]. In acidic media, how-
ever, the optimal mass ratio of Honeyol to Mg acetate was 1:1 [V].
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Table 13. Kinetic parameters of O, reduction of the catalysts in 0.1 M KOH* or 0.5 M

H,SO4M.
Catalyst Ein(V) nat04V
FeNC* 0.82 4.1
FeNC-MgOAc* 0.84 4.1
FeCoNC* 0.84 4.0
FeCoNC-MgOAc* 0.87 4.0
FeNC* 0.74 3.8
FeNC-T" 0.75 3.8
FeMnNC-T# 0.75 3.9

In alkaline conditions, the bimetallic FeCoNC-MgOAc catalyst displayed a
higher electrocatalytic activity compared to only Fe-doped catalysts, equivalent
to the benchmark Pt/C electrocatalyst (Figure 22a). For comparison, catalyst
materials without any template precursors were prepared. The non-templated
catalyst FeNC displayed a comparatively lower electrocatalytic activity toward
ORR, exhibiting an £, value of 0.82 V vs. RHE. The bimetallic catalyst FeCoNC
showed slightly higher activity, with a more positive £, 0f 0.84 V.
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Figure 22. Comparison of RDE voltammetry curves for ORR on various PGM-free
catalysts and commercial Pt/C in (a) O-saturated 0.1 M KOH solution and (b) O,-
saturated 0.5 M H,SO; solution at 1900 rpm. v = 10 mV s,

The further improved ORR activity of the catalysts created with the Mg-based
template could be explained by the higher mesoporosity, leading to increased
exposure to electrocatalytically active sites [151]. From the RDE results it is
obvious that the bimetallic catalysts show an improvement in electrocatalytic
activity, compared to monometallic Fe-doped catalysts, with FeCoNC-MgOAc¢
displaying an E1; value of 0.87 V. Multi-metal site catalysts are generally agreed
to be more active toward ORR [174,175]. It is believed that dual metal doping
can increase catalyst performance by altering the electronic structure of active
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sites and lowering the O—O cleavage barrier during the ORR process [145].
Although the exact mechanism is as of yet unclear, it is likely dependent on
multiple factors such as the electron affinity, the radius of embedded transition
metal atoms, heteroatom dopants, and local carbon defects [151]. Some research
has also suggested that in addition to M—N sites, metal nanoparticles can greatly
improve the ORR performance. For example, Peng et al. [176] found that
introducing cobalt and iron nanoparticles into nitrogen-doped carbonaceous
matrix boosted electrocatalytic activity, implying a synergistic effect between
metal nanoparticles and nitrogen-doped carbon. While both bimetallic catalysts
include M—N sites on the surface, FeCo alloy nanoparticles are more prevalent
in FeCoNC-MgOAc, according to the XRD and TEM results, which can be
another explanation of higher ORR electrocatalytic activity of this catalyst.

In acidic medium, all of the electrocatalysts prepared in this work displayed
similar ORR activities when comparing their Eonset and E12 [V]. FeNC-T and
FeMnNC-T achieved the £, value of 0.75 V vs. RHE, which is 67 mV lower
than that of a commercial Pt/C catalyst. Despite the much higher bulk metal
content of the FeNC catalyst (8.1 wt.%), the ORR activity remained very similar,
which suggests that a large part of the iron is not coordinated to nitrogen and is
susceptible to agglomeration into nanoparticles during the thermal treatment. The
number of electrons transferred per O, molecule for the iron-containing catalysts
during the ORR process is about 3.8, obtained from the K-L analysis of RDE data
[V]. The bimetallic FeMnNC-T has a slightly higher » value (3.9). A significant
issue with FeNC catalysts is the occurrence of Fenton reactions between Fe** ions
and hydrogen peroxide. The oxygen-containing radicals generated through the
Fenton processes can cause the degradation of organic components, such as iono-
mers and membranes, and even the catalysts themselves [177]. When comparing
the peroxide yields determined by RRDE method (Figure 23), it is observed that
the solely iron-doped carbon material exhibits higher peroxide yields (12—15%).
On the other hand, FeMnNC-T catalyst mainly follows a 4¢* ORR pathway, with
peroxide yields below 10% (Figure 23c).
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Figure 23. RRDE voltammetry curves for ORR in O»-saturated 0.5 M H,SOj4 solution at
960 rpm (insets show the respective ring currents) for (a) FeNC-T and (b) FeMnNC-T
catalysts; (c) percentage yield of H,O, formation and the n value as a function of potential.
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M-N-C catalysts are generally more durable in alkaline media as compared to
acidic media due to the lower propensity for 3d metal dissolution, but carbon
corrosion is still a concern as it impacts the structure of the carbon framework
[105]. The low electrochemical stability of the electrocatalysts is one of the major
obstacles to long-term AEMFC operation. To evaluate the durability of FeCoNC
and FeCoNC-MgOAc, the catalysts were subjected to accelerated stability tests
by potential cycling (Figure 24). Both electrocatalysts demonstrated excellent
stability; for FeCoNC a minor decay of 25 mV for both Ei, and Eonset Was ob-
served after 15000 potential cycles. For FeECoNC-MgOAc, the Eonse: was shifted
to a more negative value by 20 mV, but the £, value was only very slightly
altered after 15000 potential cycles (AEj» = 10 mV). The slightly improved
stability compared to FeCoNC could be caused by the higher degree of graphiti-
zation, as confirmed by both Raman spectroscopy and XRD analysis [IV].
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Figure 24. RDE voltammetry curves for O, reduction in O»-saturated 0.1 M KOH before
and after repetitive potential cycles for (a) FeCoNC and (b) FeCoNC-MgOAc, respec-

tively

Despite the significantly higher loadings, the materials displayed a relatively
lower durability in acidic media, where demetallation of the active sites in a much
larger concern. As seen in Figure 25, there is a significant drop in the ORR acti-
vity during the first 1000 potential cycles, after which the rate of decrease slows
down. After 10000 CVs, for the FeNC-T catalyst the £, value shifted negative
by 76 mV, and for FeMnNC-T the AE;, was 66 mV. The initial rapid decrease
can be attributed to the demetallation of M—N sites, followed by more gradual
decrease related to carbon corrosion. Similar trends have been found in multiple
studies, where the initial stage of rapid activity decline is followed by the second
stage, where the catalyst experiences a gradual decrease in performance, per-
sisting throughout its entire lifespan [173,178,179]. For the untemplated FeNC
catalyst, the decrease in activity is quite rapid, eventually the Ei,, value shifted
by 95 mV in negative direction. Raman spectroscopy studies confirmed the
smaller degree of graphitization for FeNC, which can lead to more significant
carbon corrosion and is likely behind the larger decrease in the ORR perfor-
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mance. The presence of imperfect graphitic carbon shells surrounding the
metallic particles could offer an additional explanation for the loss of electro-
catalytic activity, due to allowing the acidic electrolyte to reach the metal particles
causing additional demetallation [173]. This might be most significant in the case
of FeNC catalyst, where the carbon is more disordered, and the overall iron
content is very high. It should be highlighted that degradation pathways are often
interconnected, affecting both the active sites at the atomic level and the pro-
perties of the electrode layer at the macroscale and mesoscale. For example,
oxidation of carbon results in the degradation of the carbon structure, followed
by demetallation of active sites [82].
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Figure 25. RDE voltammetry curves in 0.5 M H,SO4 for O, reduction before and after
repetitive potential cycles for (a) FeNC; (b) FeNC-T, and (c) FeMnNC-T catalysts.

6.4.3 AEMFC results of catalysts

As mentioned in Sub-section 4.3.3, multiple studies have indicated that besides
the intrinsic activity, optimal carbon structure and porosity is required for
achieving effective mass and charge transfer, especially in fuel cells where mass-
transport issues are largely due to the huge loading that PGM-free catalyst require
[114,180]. Reactants, such as hydrogen and oxygen, are delivered to the cell in
the vapor phase and transported through GDEs. Catalysts materials must have a
large surface area to accommodate high density of active sites, optimal porous
structure to facilitate mass transport, and chemical and physical stability under
fuel cell working conditions [181,182].

The electrocatalysts were studied in MEAs under H»-O, conditions to inves-
tigate both the high voltage current density and maximum power density, which
are limited by mass transport in the catalyst layer and cannot be investigated by
RDE due to the low concentration of dissolved O, in the aqueous electrolyte,
which hinders the acquisition of information at high current density and low cell
potential [183]. Ha/O; polarization curves of AEMFCs based on the FeCoNC and
FeCoNC-MgOAc bimetallic ORR electrocatalysts compared to 20 and 40 wt.%
Pt/C are shown in Figure 26. The data was acquired at a cell temperature of
55 °C with optimized dewpoint temperatures. The FeCoNC-MgOAc and 20 wt.%
Pt/C AEMFCs showed jos v values of 0.20 and 0.35 A cm™, while the 40 wt.%
Pt/C value was 0.23 A cm™. All these materials had virtually the same average
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area specific resistance (ASR) values of ~0.08 Q cm? (see Figure 26b). Interes-
tingly, the untemplated catalysts FeCoNC showed much lower performance
(josvof 0.08 A cm2) and higher ASR of ~0.17 Q cm™. Based on the available data,
it is difficult to determine whether this difference is due to the lower intrinsic
activity of the catalyst, or the lower mesoporosity leading to decreased number
of TPB sites in the catalyst layer. Since the difference in activity in RDE mea-
surements between FeCoNC and FeCoNC-MgOAc was relatively small, it is
likely a combination of both factors. As such, the increased performance can
likely be attributed to more accessible active sites within the catalyst layer due to
the suitable nanostructure of the catalyst prepared with Mg-based template.
Especially at higher current densities, FeCoNC-MgOAc outperformed the cells
made with 20 wt.% and 40 wt.% Pt/C in terms of peak power density, by arriving
at a value of 0.92 W cm™ compared to 0.85 and 0.69 W cm?, respectively (see
Figure 26a). FeCoNC-MgOAc catalyst also demonstrated a high stability, ex-
hibiting a peak-to-peak voltage degradation of 0.0017 V h' with no appreciable
increase in ASR (Figure 26¢).
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Figure 26. H>-O, AEMFC results with FeCoNC and FeCoNC-MgOAc bimetallic ORR
catalysts loaded to 0.96 mg cm™ compared to 20 wt.% and 40 wt.% Pt/C cathode catalyst
loaded to 0.97 and 0.56 mgp: cm™2, respectively. (a) cell voltage and power density versus
current density, and corresponding (b) area specific resistance values versus current
density. (c) 24 h durability test of AEMFC constructed with FeCoNC-MgOA ¢ bimetallic
ORR catalyst, under a constant current density load of 600 mA c¢m.
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In comparison to other recently published transition metal (Co and/or Fe) based
cathode electrocatalyst reports operated with H»/O,, FeCoNC-MgOAc performed
quite well (Table 1). The highest report in the literature employed a Fe-N-C
catalyst arrived at a Pmax of 2.05 W cm™, albeit at a comparatively higher cell
temperature of 80 °C [31]. It is well known that higher cell temperatures enhance
fuel cell performance [184,185]. At a closer temperature of 60 °C, another report
by our group employing a bifunctional CoFe-N-CDC/CNT cathode arrived at a
Puax of 1.12 W ecm™ [37], which is slightly higher than the Pax of our MEA based
on FeCoNC-MgOAc. It is important to keep in mind that these results are not
directly comparable due to the use of very different membrane and ionomer
chemistries. The lack of a widely available standard makes the comparison of
cathode catalysts in AEMFC much more difficult.

6.4.4 PEMFC results of catalysts

Similar behavior of the catalysts was observed in results obtained with H»/O,
PEMFC. Both of the templated catalysts (FeNC-T and FeMnNC-T) showed good
fuel cell performance with peak power densities of 514 and 334 mW cm 2, respec-
tively (Figure 27). The MEA prepared with FeNC cathode demonstrated a discer-
nibly lower performance, especially at lower voltages, achieving only a moderate
Poax value of 188 mW cm ™. The better performance of the catalysts prepared
with the Mg-based template at higher current densities can be explained by the
improved transport of reactants and products to and from the active sites due to
the increased mesoporosity in these catalysts, which could expose additional
active sites at three-phase boundaries in the catalyst layer. Multiple studies have
indicated that the optimal carbon structure is essential for PGM-free catalyst
materials because of the thick catalyst layers due to the high catalyst loading
needed. A loading of 4 mg cm™ results in a thickness of about 100 pm [63,141],
compared to Pt/C cathodes that are approximately an order of magnitude thinner
[186]. Due to the much thinner catalyst layer and higher electrocatalytic activity,
the commercial Pt-based cathode is able to achieve much higher current densities
(Figure 27). Therefore, even though a hierarchical porous structure that facilitates
efficient O, transport and even ionomer coverage is helpful in increasing the
performance for PGM-free catalyst materials, further improvements in the cata-
lyst design are needed to match the performance of PGM-based cathodes in
PEMFC. It is however less clear why the bimetallic FeMnNC-T catalyst shows
lower PEMFC performance as compared to FeNC-T catalyst. It cannot be ex-
plained by the difference in the carbon material structure, as the STEM and N,
physisorption measurements show that this is very similar for these two catalysts.
A plausible explanation could be that due to slightly different surface com-
position of the bimetallic catalyst, evidenced by the XPS analysis and EDS map-
ping, and the higher degree of graphitization, the ionomer interaction with carbon
support is different and this alters the ionomer distribution. If the ionomer inter-
acts more intimately with the catalyst surface, a more homogeneous ionomer
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distribution across the catalyst layer will be achieved [187]. To ensure good
PEMFC results, the cathode ink and MEA preparation was optimized using
FeNC-T catalyst and the same formulation was used with the other catalysts in
order to lower the number of variables. However, due to the different properties
of FeMnNC-T, it may require a slightly different ink formulation for the optimal
performance. In order to confirm this theory, a detailed investigation of the
ionomer distribution and porosity within the catalyst layer would be needed.
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Figure 27. Polarization and power density curves for the PGM-free electrocatalyst based
cathodes and as a comparison a commercial Pt/C cathode, with H>-O, PEMFC and 100%
relative humidity at 80 °C, 2 bar backpressure, and 0.3 NLPM flow rate of gases on both
the anode and cathode side. Cathode loading of 4 mg cm? (for PGM-free catalysts) or
0.25 mgp, cm™ (for Pt-based catalyst).

6.5 Catalysts prepared via ionothermal synthesis

In the fifth part of the work, a novel ionothermal synthesis approach coupled with
trans-metalation was used to prepare atomically dispersed electrocatalysts. To
address the challenges associated with traditional high-temperature synthesis, we
used an emerging synthetic approach that decouples the formation of carbon
matrix from the active site creation [101]. The active site imprinting strategy
leverages specific imprinting metals (such as Zn or Mg) that promote the forma-
tion of the desired nitrogen coordination sites. The approach involves initially
preparing a Mg—NC or Zn—NC material, followed by a subsequent low-tempe-
rature coordination step, during which the Mg ion in the coordinated site is
replaced (trans-metalated) by an electrocatalytically active element, such as iron.
We utilized Honeyol and Mg(NOs), to prepare the catalysts with a hierarchical
porous structure, high surface area and imprinted Mg—Nj sites. The Mg was then
replaced with iron via ion-exchange method, to create atomically dispersed Fe—
Ny sites. The catalysts were thoroughly characterized and the ORR electrocata-
lytic activity of the prepared catalysts was evaluated via RDE method to gain
insight into the structure-activity relationships.
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6.5.1 Physical characterization of catalysts prepared via
ionothermal synthesis

In the ionothermal synthesis Honeyol is partially or completely dissolved within
the salt melt. Mg(NO3),-6H>O was chosen as the precursor since it has a low
melting point (88.9 °C), which is below the onset of carbonization of organic
species and can thus acts as ionothermal liquid reaction medium. While a variety
of magnesium salts can be used, we specifically selected the nitrate for the
secondary purpose of introducing nitrogen moieties into the carbonizing phase.
During pyrolysis, the generation of pores occurs through two main effects.
Firstly, the mostly macroporous structure is created by the liquid salt droplets
inside the carbonizing phase [121]. The SEM images of the materials display a
hierarchically porous structure (Figure 28), where both macropores and larger
mesopores can be seen. The secondary porosity is created when the carbonizing
phase encircles the in-situ formed MgO nanoparticles (so-called hard template)
[118,166]. The SEM image of MgO@NC-LT displays numerous MgO nano-
particles that are evenly embedded in the carbon structure (Figure 28a).

The HAADF-STEM image of MgO@NC-LT and elemental mapping by EDS
(Figure 29a-c) reveal an even distribution of Mg across the carbon structure with
no large MgO agglomerates. STEM-BF images reveal the presence of small
spherical nanoparticles embedded in the carbon matrix. Once these nanoparticles
are removed via acid-washing, additional mesopores are created within the
carbon material, as can be seen from Figures 28b and 29f. These pores seem to
range in size from approximately 3 to 20 nm, corresponding to the size of the
MgO nanoparticles, with the larger mesopores formed from aggregated clusters
(Figure 29d). The STEM images (Figure 29e, f) provide a more detailed look into
the carbon structure after removal of MgO nanoparticles. The hierarchically
porous morphology of NC-LT is promising for exposing a large number of active
sites and enhancing the mass transport of reactants in the catalyst layer [90,153].

+ o
Figure 28. SEM images of (a) MgO@NC-LT, showing the MgO nanoparticles and (b)
NC-LT materials, showing the mesopores created after the acid-treatment.
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(a) MgO@NC-LT

400 nm

Figure 29. (a) HAADF-STEM image of MgO@NC-LT and (b, c) the overlays of EDS
maps of the Mg and O elements. (d and f) BF-STEM images, (e and g) HAADF-STEM
images of NC-LT and (h) EDS maps of the C, N and Mg elements.

The nitrogen adsorption isotherm of the catalyst and the PSD graph are shown in
Figure 30a. The isotherm displays a steep rise at low pressure, indicating some
microporosity in the carbon material, which is caused by the rapidly evolved
gases during the decomposition of nitrate. A slope can be seen forming at higher
relative pressures, indicating the filling of mesopores. The presence of macro-
porosity can be assumed from the PSD graph, however due to the upper limit of
detection for this method (50 nm for N, physisorption) more precise information
about the PSD at larger pore sizes cannot be obtained [72]. However, the presence
of macropores and large mesopores that are introduced into the carbonizing
precursors by molten salt droplets was confirmed by both SEM and STEM
measurements.
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Figure 30. (a) Pore size distribution of FeNC-LT catalysts with the isotherm shown in
inset and (b) XRD patterns for various materials.

HAADF-STEM and the EDS mapping overlay (Figure 29g and h) evidence the
successful removal of most of the MgO nanoparticles and the formation of
mesopores. Although, some MgO is apparently left in the material even after acid
treatment, as evidenced by the XRD pattern for NC-LT (Figure 30b), where a
MgO phase (PDF-00-045-0946) with an average crystallite size of around 4 nm
was detected. This same phase is also observed in the non-acid washed material
MgO@NC-LT in much greater quantities. Nitrogen is evenly distributed over the
entire carbon structure, indicating successful introduction of the dopant element.
Around 2 wt.% of Mg can be detected in the NC-LT material after the acid
washing. XPS analysis of the material was conducted to obtain more detailed
information about the moieties present on the surface. XPS survey spectra
displays peaks at 285, 400, and 532 eV, corresponding to binding energies of C
Is, N 1s, and O 1s (Figure 31). Around 3 at.% of nitrogen is detected on the
surface of the NC-LT material. A closer look at the detailed N 1s XPS spectra
reveals that hydrogenated or pyrrolic nitrogen is the most common N moiety.
This supports the findings from Menga et al. [101] that mainly tetrapyrrolic M—
N sites are formed during the pyrolysis process in the presence of Zn or Mg salts,
as minimal carbothermal reduction will occur. This is supported by the C 1s
spectra of NC-LT and FeNC-LT [VI], where most of the carbon is sp® with some
sp” (characteristic of highly defective and disordered carbon material) or present
in various oxygen-containing moieties, while the carbide peak is very faintly
detected. For the FeNC-LT material, obtained after the trans-metalation pro-
cedure and subsequent pyrolysis, the pyrrolic-N remains the most common
moiety. As the pyrrolic- N peak remains unaltered following the heat-treatment,
the pyrrolic Fe—N bonds seem to be robust against temperatures up to 800 °C,
without undergoing decomposition. However, comparison of N 1s spectra of NC-
LT and FeNC-LT (Figure 31, insets) reveals that additional pyridinic nitrogen
sites are created in the latter. Formation of pyridinic sites require graphitization
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of the carbon structure (occurring at above 1300 °C), but it is well known that
iron can act as a catalyst for graphitization at lower temperatures. Some smaller
iron-containing nanoparticles (most likely in chloride or hydroxide form) are
likely present after the trans-metalation even after acid-treatment, and thus
catalyze the formation of pyridinic nitrogen sites during the second heat-treat-
ment. The iron-containing nanoparticles can decompose and release Fe atoms,
which can then coordinate with nitrogen, leading to increased density of Fe—Nx
sites [84]. This was also observed in the work of Menga et al., who observed 90%
reduction of oxidized iron by Mdossbauer spectroscopy after the second pyrolysis
[101]. From the HAADF-STEM image and corresponding EDS maps for FeNC-
LT (Figure 32), we observe no change in the morphology of the material after
trans-metalation and an even distribution of Fe and Mg, while no large agglo-
merated metallic iron or carbide nanoparticles can be observed, indicating that Fe
is mainly atomically dispersed and likely coordinated to nitrogen. Higher magni-
fication HAADF and BF images (Figure 32d and e) display the M—N sites pre-
sent in the material, while small clusters of presumably iron or magnesium can
be observed in some areas. The nature and elemental composition of these
clusters as well as whether they are bound to neighboring C/N atoms or not,
remains unknown.
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Figure 31. XPS survey spectra for (a) NC-LT and (b) FeNC-LT, with the insets showing
detailed XPS N 1s spectra.

From the XRD pattern of FeNC-LT (Figure 30b) we can observe some crystalline
iron phases such as metallic iron (PDF-04-002-3692) and iron nitrate (PDF-04-
021-9691). In addition to the MgO phase (PDF-00-045-0946) also present in NC-
LT, a more agglomerated phase (PDF-04-008-3504), with an average crystallite
size of 38 nm was also observed, likely forming during the second pyrolysis. In
addition, some MgFe>O4 (PDF-04-012-0947) XRD peaks were also observed.
The carbon material is highly disordered, consistent with the XPS C 1s spectra.
Peaks indexed to CaCOs phase (PDF-01-088-8687) can also be detected in the
FeNC-LT material, most likely due to the contamination from the pyrolysis tube
or boat. Since Mg can still be detected in the FeNC-LT material, it would suggest
that the trans-metalation procedure was not able to convert all of the Mg—N; sites.
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If the site is located deep in the micropores of the carbon matrix, it is unlikely
that the Fe ions can reach the sites during the ion-exchange process. We presume
that further research is needed to find the right conditions for the ion-exchange
step to ensure the highest possible conversion of Mg—Ny sites. The presence of
2.1 wt.% of iron in FeNC-LT is verified through MP-AES analysis, while no Fe
can be detected in NC-LT material. Around 2 wt.% of Mg can be detected in both
NC-LT and FeNC-LT, however the exact determination of the efficiency of Mg-
to-Fe conversion is problematic, since some of the Mg is in the form of MgO and
MgFe;04 nanoparticles according to XRD analysis. The interpretation is further
convoluted if the sample inhomogeneity is considered.

FeNC-LT

Figure 32. (a) HAADF-STEM image of FeNC-LT and (b, c) overlays of EDS maps of
the Fe, Mg, and N elements. (d, ¢) HAADF-STEM and BF images of FeNC-LT with
some of the atomically dispersed sites circled in red.

6.5.2 Electrochemical characterization
of catalysts prepared via ionothermal synthesis

The electrocatalytic performance of the catalysts was initially assessed through
RDE testing in O;-saturated 0.1 M KOH (Figure 33a). The NC-LT catalyst ex-
hibited low ORR activity characterized by a large overpotential. This catalyst was
prepared without the ion-exchange step, since it does not contain any Fe—N sites,
the electrocatalytic activity is derived from the nitrogen moieties in the carbon
matrix. These sites are generally considered to be ORR-active, however, they
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catalyze the ORR mainly via the 2-electron pathway [106,188,189]. Following
low-temperature ion exchange from Mg—Ny to Fe—Ny and the acid treatment, the
ORR electrocatalytic activity of the catalyst material is significantly increased,
exhibiting an Ej» of 0.77 V. Subsequent high-temperature treatment further
enhances the catalyst’s activity, attributed to the increased density of active sites
that are formed during the pyrolysis when agglomerated iron particles decompose
and coordinate with either pyridinic nitrogen or left-over Mg—Ny sites. The
FeNC-LT catalyst reaches an impressive £, value of 0.87 V, comparable to the
benchmark Pt/C catalyst.

As mentioned previously, since not all of the Mg in the material was ex-
changed to Fe, a catalyst was prepared using the Fe** ions during the ion-ex-
change (FeNC-LT-FeCls). However, no noticeable change in the overpotential
for ORR was observed. Apparently, the formation of Fe—Nj sites in the catalyst
are not dependent on the specific Fe ion source used during trans-metalation.

(a) - : : : — (b)

0F  ——NCLT
FeNC-LT (without 2™ pyro.)
FeNC-LT

FeNC-LT-FeCl,
——Pt/C

Initial (FeNC-LT)
- - After 10000 CVs

1E;,=48mV >«

jI mAcm?
o b

jI mAcm?
IS

§f S - e e
7F i 6+
010 0:2 Oj4 0:6 0:8 1.0 0:0 0:2 0:4 0:6 0:8 1.0
Evs RHE/V Evs RHE /V

Figure 33. (a) A comparison of RDE voltammetry curves for ORR on various PGM-free
catalysts and commercial Pt/C in O»-saturated 0.1 M KOH solution at 1900 rpm, (b) RDE
voltammetry curves for O, reduction before and after repetitive potential cycles for
FeNC-LT. v =10 mV s\,

In order to investigate the kinetics of the ORR in more detail, the polarization
curves were measured using different rotation rates from 360 to 3100 rpm (Figure
34a). We observed well-defined limiting current plateaus, with a consistent onset
potential and varying limiting current density. The K-L plots (Figure 34b) exhibit
a good linearity indicating the first-order reaction kinetics. The n value, calcu-
lated from the K—L slopes, reveals that the FeNC-LT catalysts follow predomi-
nantly a 4-electron pathway (Figure 32d). The accelerated stability testing of
FeNC-LT was conducted by continuous potential cycling in O,-saturated 0.1 M
KOH between 1.0 and 0.6 V vs RHE with a scan rate of 200 mV s (Figure 33b).
The ORR electrocatalytic activity only slightly decreased after 10000 cycles
(AEi» = 4.8 mV), even with a relatively low loading of 0.2 mg cm?, indicating
excellent stability in the RDE tests.
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Figure 34. (a) RDE voltammetry curves for oxygen reduction in O»-saturated 0.1 M KOH
solution at different rotation rates for FeNC-LT; (b) K-L plots derived from the RDE data
with inset showing the number of electrons transferred per O, molecule.

The FeNC-LT catalyst was further tested in single-cell AEMFC measurements,
where the catalysts displayed moderate activity as the cathode material with a
Puax value of 204 mW cm™ (Figure 35a). Compared to the thin catalyst layers of
PGM-based catalysts, the CCLs prepared with the FeNC-LT cathode are signi-
ficantly thicker resulting from the low packing factor (~100 um mg™' cm™), con-
sequently the ASR for this catalyst is quite high (see Figure 35b). Applying a
backpressure of 100 kPa somewhat alleviated this factor by lowering the ASR,
and a Pnax value of 256 mW cm™ was obtained. Thus, optimizing the synthesis
conditions of the carbon-based catalysts and the catalyst layer design is likely
necessary to obtain higher performance in AEMFC.
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Figure 35. H>-O, AEMFC performance of FeNC-LT cathode catalyst loaded to 0.89 mg
cm? without backpressure and an applied backpressure of 100 kPa on both anode and
cathode compartments. (a) Polarization and power density curves and (b) corresponding
ASR values versus current density.
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7. SUMMARY

The aim of this PhD thesis was to develop PGM-free resorcinol-derived electro-
catalysts for the oxygen reduction reaction (ORR) to replace scarce and expensive
PGM-based catalysts, for use in polymer electrolyte fuel cells. The prepared
catalysts were physicochemically characterized to provide detailed insights into
the active sites and microstructure of the catalysts. Their performance was eva-
luated in half-cell tests and as cathode catalysts in polymer electrolyte fuel cells.
During the work, the dependence of the electrocatalytic performance of the cata-
lyst materials on their structure and composition was evaluated and the potential
of these PGM-free electrocatalysts in fuel cell applications was demonstrated.

In the first part of the work, Fe- and Co-containing nitrogen-doped carbon
materials were prepared from 5-methylresorcinol-formaldehyde (SMR-FA) re-
sins using two different methods [I]. Firstly, carbon nanospheres (CNSs) were
obtained by pyrolysis of SMR-FA nanospheres. Then, the CNSs were doped by
pyrolyzing them in the presence of nitrogen and transition metal precursors. The
other set of materials was prepared by in-situ doping, where the SMR-FA nano-
spheres were combined with the precursors and pyrolyzed. A comparison
between the doped CNSs and in-situ doped materials revealed that the latter
catalysts exhibited superior ORR activity, although they did not maintain their
spherical structure. This higher activity was attributed to a greater surface area
and mesoporous structure, enabling the exposure of a higher number of active
sites.

In the second and third part of the research, the polymerization reaction was
omitted, and SMR was directly used as the carbon precursor along with DCDA
and Fe, Co, and/or Ni salts [II, III]. The precursor ratios and metal content were
optimized to achieve the highest electrocatalytic activity toward ORR, as well as
test their performance of in oxygen evolution reaction. The resulting bimetallic
FeCoNC-OP-at catalyst demonstrated activity comparable to a commercial Pt/C
catalyst in half-cell tests and achieved a current density of 170 mA cm 2 at 0.8 V
and a maximum power density of 415 mW cm™ in AEMFC tests, when used as
the cathode catalyst.

In further experiments, a mixture of alkylresorcinols (Honeyol ™) was utilized
as a carbon precursor. The fourth part of the research explored the effect of tuning
catalyst nanostructure using a sacrificial magnesium-based template [IV and V].
The catalysts were doped with iron or with combinations of Fe-Co or Fe-Mn.
Catalysts prepared with the template demonstrated over twice higher maximum
power densities in both AEM and PEM fuel cells compared to non-templated
catalysts, achieving impressive maximum power densities of 920 mW cm™ in
AEMFC and 514 mW cm? in PEMFC. This improvement was attributed to two
main factors: the increased surface area, which exposes more active sites, and the
hierarchically porous structure, which facilitates more efficient reactant transport
through the catalyst layer.

lTM
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The fifth part of the thesis demonstrates the potential of the ionothermal
synthesis and active-site imprinting approach for preparing electrocatalysts with
high density of M—N sites [VI]. Mg(NOs), was used to imprint Mg—N sites that
subsequently underwent trans-metalation with Fe, to obtain Fe—Ny active sites.
The Mg nitrate simultaneously produces a hierarchically porous carbon structure
through the in-situ formation of MgO nanoparticles that serve as the sacrificial
template. The precursor ratios were optimized and the resulting electrocatalyst
exhibited excellent electrocatalytic activity for ORR in alkaline conditions (£,
=0.87 V), comparable to that of commercial Pt/C catalyst.

This research contributes valuable insights into the development of efficient
PGM-free electrocatalysts for oxygen reduction reaction for fuel cell applica-
tions, using cheap and abundant precursors. This work emphasizes the impor-
tance of tailoring the catalyst structure and composition to obtain the highest
possible fuel cell performance. These findings pave the way for sustainable
energy solutions by reducing reliance on precious metals.
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9. SUMMARY IN ESTONIAN

Resortsinoolist valmistatud siisinikupdhised katalisaatorid
poliumeerelektroliiut-kutuseelementide katoodidele

Doktorit6d eesmirgiks oli valmistada vadarismetallivabad kataliisaatorid hapniku
elektrokeemilise redutseerumisreaktsiooni jaoks, kasutades lédhteainena resortsi-
noole, ning hinnata nende rakendatavust poliimeerelektroliiiitmembraaniga kiituse-
elementides kallihinnaliste vadrismetallipohiste kataliisaatorite asemel. Valmista-
tud kataliisaatorite iseloomustamiseks kasutati fiiiisikalis-keemilisi uurimismee-
todeid, et saada teadmisi nende aktiivtsentrite ja struktuuri kohta. Materjalide
elektrokataliiiitilist aktiivsust hinnati podrleva ketaselektroodi (RDE) meetodil ja
katoodkataliisaatoritena nii anioonivahetusmembraaniga kui ka prootonivahetus-
membraaniga kiituseelementides.

T66 esimeses osas keskenduti Fe- ja Co-sisaldavate ldammastikuga dopeeritud
stisinikmaterjalidele, mis valmistati 5-metiiiilresortsinool-formaldehiitid (SMR-
FA) vaikudest kahel erineval meetodil [I]. Esmalt saadi slisiniknanosfaarid (CNS)
SMR-FA nanosfairide piiroliiiisi teel, mis seejarel dopeeriti piiroliiiisides neid
lammastiku ja siirdemetalli allikate juuresolekul. Teine materjalide komplekt
valmistati in-situ dopeerimise teel, mille kdigus SMR-FA nanosfaérid piiroliiiisiti
ithes etapis koos dopantide ldhteainetega. Materjalide vordlus niitas, et in-situ
dopeeritud kataliisaatoritel oli suurem hapniku redutseerumise aktiivsus, kuigi
nad ei séilitanud oma sfédrilist struktuuri. Kdrgemat elektrokataliiiitilist aktiivsust
seostati suurema eripinna ja mesopoorse struktuuriga, mis hdlbustab hapniku
juurdepdisu aktiivtsentritele.

To0 teises ja kolmandas osas jéeti dra poliimerisatsioonireaktsioon ning SMR
kasutati otse silisinikmaterjali valmistamiseks koos ditsiiaandiamiidi ning Fe, Co
ja/voi Ni sooladega [11, IIT]. Eesmark oli optimeerida ldhteainete suhteid, et saa-
vutada korgeim elektrokataliiiitiline aktiivsus. Valmistatud FeCoNC-OP-at kata-
liisaator néitas RDE testides vOrdset aktiivsust kommertsiaalse Pt/C kataliisaa-
toriga ja saavutas anioonivahetusmembraaniga kiituseelemendi (AEMFC) testi-
des katoodkataliisaatorina 0,8 V juures voolutiheduse 170 mA cm ning maksi-
maalse vdimsustiheduse 415 mW cm .

Edasistes eksperimentides kasutati siisinikuallikana alkiiiilresortsinoolide
segu Honeyol ning kujundati siisiniku nanostruktuuri matriitside ja ionotermilise
stinteesimeetodi abil. Neljandas osas kasutati magneesiumil pohinevat matriitsi
ning kataliisaatorid dopeeriti ldmmastiku ja ainult raua vdi Fe-Co v0i Fe-Mn
kombinatsiooniga [IV ja V]. Matriitsi abil valmistatud kataliisaatorid néitasid iile
kahe korra korgemaid maksimaalseid voimsustihedusi nii anioonivahetusmemb-
raaniga kui ka prootonivahetusmembraaniga kiituseelementides (PEMFC) vor-
reldes ilma matriitsita valmistatud kataliisaatoritega, 920 mW c¢cm > AEMFC-s ja
514 mW cm? PEMFC-s. Seda seostati kahe peamise teguriga: kdrgema eri-
pinnaga, mis suurendab aktiivtsentrite hulka, ja hierarhiliselt poorse struktuuriga,
mis hdlbustab reagentide transporti kataliisaatorikihis. Doktorit6o viiendas osas
kasutati siisinikmaterjalide valmistamiseks ionotermilist meetodit, kus ldhte-
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aineteks olid Mg(NOs), ja Honeyol [VI]. Mg(NOs), kasutati Mg—Ny tsentrite
valmistamiseks, millest seejérel saadi trans-metallatsiooni tulemusena elektro-
kataliiiitiliselt aktiivsed Fe—Nx tsentrid. Samaaegselt kditub Mg(NOs), ka mat-
riitsi allikana, kus piiroliiiisi kdigus moodustuvad MgO nanoosakesed. T66s opti-
meeriti ldhteainete suhteid ning aktiivseima kataliisaatoriga saavutati leeliselises
keskkonnas poollainepotentsiaali véartuseks 0,87 V, mis on vorreldav kommert-
siaalse Pt/C katallisaatoriga.

Doktoritd6 annab vaértuslikke teadmisi tohusate vadrismetallivabade elektro-
kataliisaatorite arendamiseks kiituseelementide jaoks, kasutades lihtsaid ja oda-
vaid lahteaineid. T66 tulemused niitavad, et kiituseelemendi korge joudluse saa-
vutamiseks on oluline nii kataliisaatori nanostruktuur kui ka koostis ning saadud
tulemused panustavad jétkusuutlike energialahenduste kasutuselevottu.
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