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3. INTRODUCTION

Energy is vitally important for our everyday lives and together with the im-
provement in the living standard, the need for energy is gradually increasing.
While it is necessary, it is still taken for granted, leading to a possible energy
crisis as well as damage to the environment, as over 80% of consumed energy is
produced from non-sustainable fossil fuels (oil, natural gas and coal) [1]. For
the clean and sustainable future, hydrogen is considered to play a vital role in
the energy system. Hydrogen is an ideal energy carrier as it has high gravimetric
energy density, it is non-toxic and non-polluting at conversion to energy. While
hydrogen can be produced from non-renewable sources, its production is more
and more leaning towards utilizing renewable ways, such as wind or solar
energy applied for water electrolysis [1, 2].

Hydrogen has gained the most interest in the transport sector, where a lot of
research has been done for around two decades already [3]. Today we can see
that this has paid off as several automotive companies are producing low-
temperature polymer electrolyte fuel cell electric vehicles [4, 5]. However, there
is still a problem with the fuel cells, namely the need for scarce and expensive
platinum-group metals (PGM) as electrocatalysts to speed up the anodic hydro-
gen oxidation reaction and cathodic oxygen reduction reaction [4, 6, 7]. This
could be resolved, at least on the cathode side of the fuel cell, by changing the
present acidic medium with alkaline as such less-corrosive environment offers a
better opportunity to replace Pt-based materials with PGM-free ones [8]. As
possible replacements, transition metal-nitrogen-carbon (M-N-C) type catalysts
have shown performance comparable to Pt-based materials in alkaline condi-
tions [9, 10].

The aim of the research presented in this PhD thesis was to develop PGM-
free electrocatalysts for the oxygen reduction reaction occurring on the cathode
of an anion exchange membrane fuel cell. To prepare the catalysts, nanocarbon
support materials with varying textural and morphological properties were
investigated, including composite of carbide-derived carbon/carbon nanotubes
[LILIV], composite of graphene/carbon nanotubes [I1I] and commercially avail-
able [V] or self-made [VI] mesoporous carbon. The support materials were
doped with nitrogen [I-VI] and transition metals (iron, cobalt, manganese) [II-
VI] via high-temperature pyrolysis. The effect of different dopants as well as
the structure of the support materials on the oxygen reduction activity was
studied in half-cell tests via rotating disc electrode or rotating ring-disc
electrode methods and also by using the synthesised materials as cathode cata-
lysts in the anion exchange membrane fuel cell.
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4. LITERATURE OVERVIEW

4.1 Polymer electrolyte membrane fuel cells

A fuel cell is a device that generates electricity by electrochemical reactions,
namely by electrochemical oxidation of fuel, most commonly hydrogen, and
reduction of oxygen. These reactions occur on the anode and the cathode, which
are separated via electrolyte that carries the charged species. Based on the
choice of fuel and electrolyte, fuel cells are divided into (i) alkaline fuel cell, (ii)
phosphoric acid fuel cell, (iii) solid oxide fuel cell, (iv) molten carbonate fuel
cell and (v) polymer electrolyte fuel cell. The latter type of fuel cells is most
attractive for transportation applications, as they operate at low temperatures
(<100 °C) and do not need possibly dangerous corrosive chemicals [11]. In such
type of a fuel cell, electricity is produced by the electro-oxidation of hydrogen
and electroreduction of oxygen, where the only by-products are water and heat.
An automotive fuel cell stack (Figure 1) is made up of identical unit cells
containing membrane electrode assembly (MEA). The MEA itself is comprised
of (i) anode, where the hydrogen gas is oxidised, (ii) cathode, where the oxygen
gas is reduced and (iii) a solid proton exchange membrane (PEM) separating the
two sides (Figure 1). Both the anode and the cathode side are made of porous
gas diffusion layers (GDLs), which transport reactants and products (water) to
and from the catalyst layers. The MEA is sandwiched between the bi-polar
plates through which the gaseous reactants are supplied, and the obtained
electric current is collected [6].

Membrane electrode assembly

1

Anode catalyst PEM  Gathode catalyst

H, — 2H* + 2e" | Y0, + 2e” + 2H* - H,0
[ 1 : ]
Gas diffusion - ]
layers > ][ )
= = ==
=y v
-ll/E = == -
H, flow/ - - L =7~Airflow
[ T
I

Bi-polar plate T I [ %~ Coolant flow

B - —

Nth unit eII

Figure 1. Unit cell cross-section in a fuel-cell stack and the components of an expanded
MEA [6].

12



The proton exchange membrane fuel cells (PEMFCs) were already developed
for the space missions in the 1960s by Willard Thomas Grubb and Leonard
Niedrach. These first fuel cells utilised platinum-based catalysts to speed up the
hydrogen oxidation reaction (HOR) and the oxygen reduction reaction (ORR),
while already acknowledging that the commercialisation of PEMFCs would be
problematic due to a large amount of Pt needed [12]. When looking at the
current status, now around 60 years later, the PEMFCs are still using Pt-based
catalysts, indeed the loading has been lowered, however, it is still not low
enough. The US Department of Energy has set a target for year 2025 to
decrease the platinum-group metal (PGM) usage to less than 0.10 g kW '; the
current status is around 0.125 g kW' [13], so improvements are needed, but it
gets more and more difficult to reach the goal.

As the PGM-based catalysts impose limitations on the further commercia-
lisation of PEMFC:s, then there is a lot of research done and in progress to find
replacements to these materials [14, 15], however, so far the Pt-based catalysts
still remain the most active and most stable in acidic environment [6, 16]. In
addition to problems with PGM catalysts, the acidic working conditions of
PEMFC cause durability problems to the fuel cell components, as they degrade
in such a harsh environment [17]. To avoid these limitations, an option is to
switch to alkaline media and start using anion exchange membrane fuel cells
(AEMFCs) instead. The higher pH is less harsh, so there is no need for expen-
sive acid-resistant stack hardware, which is then reducing the price of fuel cells
[8]. Additionally, the anion exchange membranes (AEMs) can be prepared from
rather cheap polymer precursors, while costly fluorinated raw materials are
needed for Nafion PEM [18]. The alkaline medium also offers another benefit
as the kinetics of the ORR is faster in alkaline than in acidic medium, then non-
precious metal-based materials are viable alternatives to the PGM-based cata-
lysts [8, 17, 18].

The main principle and structure of the anion exchange membrane fuel cell
is the same as for PEMFC — the MEA consists of anode, cathode and solid
electrolyte (Figure 2). However, instead of protons, anions need to move
through the membrane, thus instead of proton exchange membrane it uses anion
exchange membrane (AEM) [19, 20].

During operation, humidified hydrogen gas is fed to anode, where it reacts
with hydroxide anion with water and electrons being produced:

H, + 20H™ > 2H,0 + 2e~ (1)

Humidified oxygen gas is fed to the cathode side, where the oxygen then
reduces in the presence of water with hydroxide anion being formed:

0.50, + H,0 + 2e~ — 20H" )
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which are then conducted through the AEM to participate in the hydrogen
oxidation reaction. The overall reaction is:

H, + 0.50, = H,0 3)
so as in the PEMFC, only water and heat are also produced in the AEMFC [19].

e e

e =

2H,+ 40H = 4H,0 + de” 0, +2H,0 + 4e” > 40H’

-
o' o

- H -
o ! c < AEM - £ =
T ;

€ e 'g.g g 25 @ 2 ] &
2 0ogwm 8 k] ‘3 0OEn 2
2 |("EdiwN im €3 H
[~ =] ‘U | = o -~

Y J L Y
Anode Cathode

Figure 2. Schematic of the AEMFC together with illustrated water transport [20].

While AEMFCs are currently gaining popularity and there is a hope for a com-
mercialisation, it was not the case even a few years back, as the performance of
AEMFC was significantly worse than that of PEMFC. The remarkable increase
in the AEMFC performance is a combination of several important factors: (i)
development of better AEMs, (ii) operational changes made and (iii) improve-
ment of catalyst materials [20]. These are discussed more in subsection 4.5.

4.2 Oxygen reduction reaction

Oxygen reduction reaction plays a vital role in the AEMFC as indicated above.
In order to prepare suitable cathode catalysts, it is important to know how the
ORR proceeds on these materials. In the alkaline conditions, the ORR can
follow either direct 4-electron pathway,

0, + 2H,0 + 4e™ - 40H™ Ey, =0.401V 4)
two-electron pathway,

0, + H,0 + 2~ —» HO; + OH™

T
IS)
Il

—0.065V (5)
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or 2x2e” pathway, in which hydroperoxide anion is further reduced:

HO; + H,0 + 2e™ —» 30H™ Ey, =0867V 6)
or disproportionated:

2HO; - 20H™ + 0, (7)

All the standard potential (£y) values are given versus the standard hydrogen
electrode (SHE) at 25 °C [21].

The more detailed scheme of the ORR in alkaline media, which shows multiple
possible oxygen-containing intermediates on catalyst surface and solution, is
given in Figure 3. The first step of the ORR involves the adsorption of mole-
cular O, (0,*). The transformation of O, to *OH goes through bifurcation pro-
cess via chemical (iii, v) or electrochemical (iv, vi) way [22].

Base O, + 2H,0 + 4e- = 40H- WO, woH+o0+ 4
(1] *
ads | e , bifurcation v\- 5
G0 : Oy 2"OH ———=20H
e +H,0* Vg
Surface - = HO,* + -OH ‘49
viii
H ix
: A RS 8 disproportionation
Solution Lclz 7777777 x_ ':'927: xi Ll o,

Figure 3. General mechanisms proposed for ORR in alkaline media [22].

While the ORR process is rather complex in alkaline media, then for the
AEMFC application it is important that the cathode catalyst promotes the 4¢” or
2x2e” reduction pathway. With the two-electron pathway, the formed hydro-
peroxide ions are unwanted products as they damage the fuel cell components,
including the catalysts and ever-important membrane.

4.3 Non-precious metal catalysts for oxygen reduction

4.3.1 Metal-free electrocatalysts

As a replacement for Pt-based catalysts for the ORR, an appealing approach
would be to make entirely metal-free catalyst materials taking carbon as the
basis. Carbon nanomaterials come in different forms and shapes, thus have
gained much interest as ORR electrocatalysts. Among those are graphene,
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carbon nanotubes, carbon nanofibers, carbide-derived carbon to name the least,
however, all these pristine nanocarbons have shown only a moderate electro-
catalytic activity towards the ORR while promoting primarily 2-electron
reduction pathway [23-27]. Three strategies have been proposed to make
inactive sp” carbon materials more active: (i) chemical doping by incorporating
additional elements to the matrix of sp” carbon; (ii) physical intermolecular
charge transfer via adsorption of polyelectrolyte chains; (iii) adding structural
defects (like zigzag edges) [28]. Most promising of these approaches has been
the chemical doping. Different heteroatoms have been widely used as dopants to
improve the ORR activity of carbon materials, these include N [29-35], S [36—
38], P [39, 40], B [41], F [42], I [43] as well as their combinations [44—47]. The
addition of heteroatoms induces the charge density and/or spin density
redistribution on the adjacent carbon atoms, making it thus favourable for O,
adsorption, leading to enhanced ORR activity [34, 48, 49].

While several heteroatoms have shown great promise, then nitrogen is the
most abundant and environmentally friendly compared to the others [21, 34].
Nitrogen has an extra electron and higher electronegativity than carbon.
According to the density functional theory (DFT) calculations, the carbon atoms
adjacent to the nitrogen dopants become positively charged [34]. This charge
delocalisation influences the chemisorption of oxygen, so the usual end-on
adsorption through a single bond (according to Pauling model) could be
changed to bridge-like adsorption through two bonds (Yeager model) [34, 50].
This parallel or bridge-like adsorption of O, effectively weakens the O—O bond,
finally leading to its breaking, which then facilitates the ORR [34].

The nitrogen atoms in carbon matrix form various moieties according to
their specific location. Regarding the ORR, three have gained the most interest:
pyridinic-N, graphitic-N and pyrrolic-N (Figure 4) [51-53], but there are still
varying opinions, which is the most active centre. Rather unanimous opinion is
that pyridinic-N is active N-species in alkaline media [33, 51, 54, 55], however,
the other mentioned centres have been also reported to be ORR-active [56-59].
As the N-doped carbon nanomaterials usually contain several nitrogen moieties,
then there are opinions that actually the coexistence of multiple N species is
even more beneficial. For instance, Kabir et al. have claimed that in the first
step of the ORR HO, is formed on graphitic-N, followed by the OH pro-
duction in the second step on pyridinic-N, and the hydrogenated nitrogen
(including pyrrolic-N) most probably catalyses the full 2x2e” reduction of
oxygen [60]. Additionally, Lai et al. have suggested that the ORR activity of
electrocatalysts depends on their graphitic-N and pyridinic-N content with the
first one having an effect on the diffusion-limited currents and the latter
enhancing the onset potential of the ORR [61].
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Figure 4. Different types of active sites in nitrogen-doped carbon catalysts [62].

4.3.2 Metal-nitrogen-carbon (M-N-C) catalysts

Although the metal-free catalyst materials have shown high ORR activity [28,
53, 63], the most promising non-precious metal catalysts are transition-metal
and nitrogen-doped carbon (M-N-C) materials, which have already shown
comparable or sometimes even exceeding performance as compared to Pt/C
catalysts [9, 10, 64—66]. Such good ORR electrocatalytic activity of M-N-C
materials is thought to come from the combination of different active sites,
which involve (i) nitrogen moieties, like pyridinic-N (discussed in chapter
4.3.1), (ii) metallic nanoparticles or metal carbides covered with thin carbon
layer (preferably nitrogen-doped), and (iii) transition metal-coordinated to
nitrogen species (M-Ny) [64, 67, 68]. It has been suggested that on metallic
particles covered with carbon, the ORR proceeds via 2x2e” pathway, while on
M-N; sites both the direct 4¢” and 2x2e mechanisms occur [69—71]. As the
origin of the ORR activity of M-N, moieties, it has been proposed that these
species are covalently bonded into the carbon basal plane, resulting in de-
localized m-electron system in carbon support, which promotes the chemisorp-
tion of oxygen or reaction intermediates on metal centre [72].

There are two main approaches to obtain such beneficial M-N, sites: (i)
using precursors with the inner N4 coordination around the transition metal
centre (metal phthalocyanines and porphyrins) [73-76] or (ii) by creating them
by combining metal and nitrogen-containing precursors via high-temperature
pyrolysis. For the latter, different cheap transition metal salts and simple
nitrogen-rich sources (e.g. dicyandiamide, melamine, urea) can be used [9, 64,
65]. An option is also to use precursors which are known to form complexes
with metal-coordinated to nitrogen centre, such as 1,10-phenanthroline as
nitrogen source together with transition metal acetates [77, 78].

It is evident that the transition metal in M-N-C catalysts plays a critical role
in the ORR process. As metals in M-N-C type catalysts, iron and cobalt have
been studied most extensively [79—85]. Both have indeed demonstrated
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excellent results, however, come with some problems. Cobalt-based materials
have often shown considerable peroxide production during the ORR process
[80, 86]. This has been explained by the fact that on Co-N-C catalyst materials
the kinetics of peroxide desorption is considered to be faster than the kinetics of
four-electron reduction of oxygen [86]. Iron-based catalysts have usually lower
peroxide production [86, 87], but are known to being subject to Fenton’s
reaction (especially at low pH) [88, 89]. To tackle the issues with monometallic
catalysts, an option is to prepare bimetallic ones. The combination of both
cobalt and iron in one catalyst material has shown good results for the ORR,
even surpassing the activity of single metal materials [65, 90, 91]. This is
thought to originate from the synergetic effects of Fe-N, and Co-N, active
centres [91, 92], as the DFT calculations have indicated that Fe and Co in
neighbouring Fe-N; and Co-N, active sites have higher ORR activity than in
monometallic Fe-N4 and Co-Ny, respectively [92]. In addition to making Co and
Fe bimetallic materials, incorporating manganese could be also beneficial. It has
been reported that combining manganese with iron or cobalt increases the ORR
activity as well as improves stability [89, 93-95].

To utilise the metal additive to the maximum efficiency while maintaining
the high selectivity and stability during the ORR, preparation of single-atom
catalysts (SACs) with atomically distributed active sites anchored on the carbon
matrix could be the key. In M-N-C type SAC materials, the afore-mentioned M-
Ny moieties are considered as the main active sites as well. While symmetrical
x=4 configuration is deemed the most active species [96], then asymmetrical M-
Nx have also proven to be beneficial [97, 98]. In M-N, moieties, in addition to
the central metal atom [96], the type of nitrogen configuration could also be
important. For instance, according to the DFT calculations, in Fe-pyrrolic-N,
formation, a stronger electron depletion around iron atom is observed than in
Fe-pyridinic-Ny, thus causing a more positive oxidation state of Fe centre in the
pyrrole-type configuration than in pyridine-type one [97]. As part of rational
design of SACs, the porous structure is also important. In order to obtain good
distribution of active sites, the microporous nature (pore diameter <2 nm) with
high specific surface area could be beneficial [87], however, mesopores
(diameter 2 to 50 nm) and macropores (>50 nm) enable the exposure of metal-
based active sites and improve the mass transfer due to the larger pore size [99].
So, to prepare ORR-active SACs, the design of active sites as well as support
material is important.

4.4 Carbon nanomaterials

For the preparation of nitrogen-doped or M-N-C type catalysts, the chosen
carbon substrate is the basis for all. A suitable catalyst support should (i)
provide good electrical conductivity, (ii) offer corrosion stability under harsh
conditions as well as (iii) have high surface area with feasible porous structure
[100]. The latter is important in the fuel cell application and suitable materials
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should have mesopores present, which enhance the mass transport in the
catalyst layer, especially as micropores and any active sites located there could
be covered with ionomer during the operation [87, 101]. Carbon nanomaterials
come in various forms, so the selection for potential support materials is rather
wide [9, 53, 100].

Carbide-derived carbon (CDC) is a nanocarbon material made by removing
the metal or semi-metal atoms from the lattice of a respective carbide, thus
leaving behind a porous carbon. The CDCs have a very high specific surface
area (up to over 2000 m*> g ') and very good stability, which is why they are
employed in electrochemical capacitors mostly [102—-105]. The CDCs can be
produced from numerous carbides, like SiC, TiC, ZrC, B4,C and Mo,C. To
remove the metal/semi-metal from the carbide lattice, chlorination is the most
common method used, and by varying the conditions (e.g. chlorination tem-
perature), the porous structure of final CDC can be modified and easily
reproduced in large quantities. Depending on the starting carbide and chosen
synthesis parameters, CDCs with pores ranging from <1 nm to ca. 4 nm can be
produced [102, 106, 107].

Carbon nanotubes (CNTs) are carbon allotropes with cylindrical structure.
They consist of either one rolled-up graphitic sheet, namely single-walled
carbon nanotube, with a diameter of ca. 1.4 nm, or several coaxial ones, namely
multi-walled carbon nanotube (MWCNT), with an interlayer spacing of 3.4 A
and a diameter of 10—20 nm usually. The length of CNTs can be up to hundreds
of microns or even centimetres [108]. The CNTs are commonly made using
catalyst assisted chemical vapour deposition technique from hydrocarbon-based
gaseous precursors, like methane, acetylene, propylene, and others [108]. The
CNTs have unique tubular structure, excellent resistance to corrosion, relatively
large accessible surface area, and excellent electrical conductivity, which makes
them attractive to be used as electrocatalysts or catalyst supports [100, 109] .

Graphene is a nanomaterial comprised of a single layer of sp® carbon.
Graphene has high surface area (the theoretical specific surface area of single
layer graphene is 2630 m” g™'), good electrical conductivity and mechanical
strength [110-112]. Chemical vapour deposition technique is one of the most
popular methods for large-scale production of mono- or few-layer graphene
films [111]. The single-layer graphene is very difficult to synthesise in large
quantities, meaning it is not well suitable for application purposes, like making
fuel cell catalysts For that purpose, other graphene-based materials, such as
graphene comprised of multiple layers, graphene oxide or reduced graphene
oxide is often used [100, 113].

Mesoporous carbons have often uniform and interconnected porous network,
predominantly comprising of only mesopores. The pore size and shape can be
tuned by varying synthesis methods. In addition, such carbon materials have
good electrical conductivity and high surface area [114-116]. Mesoporous
carbons are typically synthesised using either hard- or soft-templating approach
[116]. Hard-templating uses pre-formed rigid mesoporous materials, such as
silica, zeolite, or other colloidal crystals, which are combined with carbon
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precursor, followed by carbonisation. The used template is removed via
chemical etching in harsh acidic or alkaline conditions (e.g. HF, NaOH) [116—
118]. Soft-templating is based on the self-assembling of carbon precursors with
a block copolymer through hydrogen bonding and/or covalent bonding in
alkaline or acidic environment, followed by thermopolymerisation and carboni-
sation, during which template is removed [115, 116, 118]. The soft-templating
of phenolic resins with triblock copolymers (e.g. Pluronic F127) is a rather
simple procedure to produce nanocarbon materials with narrow size distribution
of mesopores [119].

4.5 Performance of anion exchange membrane fuel cells

The AEMFC performance is impacted by the anion exchange membrane, HOR
and ORR catalyst materials as well as operation parameters [18, 20]. As the
AEM plays a critical role in the AEMFC, it is important that it has the needed
characteristics, like OH™ conductivity, chemical and thermal stability, low gas
permeability, feasible mechanical properties (good strength, flexibility) and low
cost [120]. The AEM generally comprises of a polymer backbone and functio-
nal groups or side chains, which provide hydroxide transportation pathways
[120, 121]. The main concern for the AEM from the beginning has been the
OH conductivity, which in first years was around 5 to 20 mS c¢m™', so nowhere
near to compete with H™ conductivity of PEMs. This was explained to be due to
the four times higher diffusion coefficient of H' than of OH™ and to overcome it,
AEMs would need to have significantly higher ion exchange capacity. Lately,
however, the best-preforming AEMs have shown conductivities from 60 to 132
mS cm ', meaning significant improvements have been done [18]. Some of the
noteworthy early developments include radiation-grafted poly(ethylene-co-
tetrafluoroethylene) (ETFE) based AEM by Varcoe et al. in 2007 with
peak power density (Pms) of 130 mW c¢cm ™~ achieved in an AEMFC [122],
phosphonium-functionalised polysulfone AEM by Yan ef al. in 2010 (Ppax of
260 mW cm ) [123] and a quaternized poly(phenylene) AEM with a hydro-
phobic perfluorinated ionomeric binder by Kim ef al. in 2013 (P of 580 mW
cm?) [124]. An improvement in the AEMFC results (P of 600 mW cm * with
Pt/C anode) with lower PGM usage was reported by Zhuang et al. by using
quaternized polysulfone AEM and ion-aggregated polysulfone binder in 2015
[125]. The same year, a commercially available Tokuyama A901 AEM showed
high Pn.x of 780 mW cm? [126]. It should be noted that all of them in-
corporated PGM-based catalysts on the cathode and anode. The significant
improvement of AEMFC performance in latter three reports comes from the
understanding that the key to the better performance seems to be reducing the
water uptake of the AEM and the ionomeric binder, while not loosing hydroxide
conductivity [8]. Following the footsteps of these works has led to the excellent
performance AEMs and AEMFCs we are seeing today.
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As is evident from the AEM development, then water plays an important role
in the AEMFC. While AEMFC and PEMFC are schematically very similar, their
operation fundamentally differs. In the PEMFC, water is just a product, however,
in the AEMFC it is both a product as well as a reactant — two water molecules are
used up during the reduction of one O, molecule on the cathode, while four
molecules are produced on the anode (Figure 2). Additionally, during the
AEMFC operation, every hydroxide anion moving from cathode to anode brings
around eight water molecules with it via electro-osmotic drag [20]. This can
easily lead to anode flooding and the excess liquid water on the cathode can also
cause mass-transport limitations during the AEMFC operation, both of which are
detrimental to the performance. This means that in addition to the high stability
and hydroxide conductivity of AEMs, they should also have high water
permeability to allow the back diffusion of water from anode to the cathode [18,
20, 127]. The water imbalance can also be somewhat controlled by optimising the
AEMFC working conditions as well. As shown by Omasta ef al., changing the
flow rate and humidity of incoming gases can improve the AEMFC performance
noticeably [128, 129]. Additionally, changing the hydrophilicity of the used gas
diffusion layers has shown to improve the AEM fuel cell results [126, 128]. The
water balancing in an AEMFC is a difficult task, but choosing the feasible
operation conditions is at utmost importance to obtain high performance.

In addition to AEM and water balancing, the used electrocatalysts are equally
if not more important. One of the reason why AEMFC performance significantly
improved circa 2015 is due to the change in the HOR electrocatalyst, as for
instance, Zhuang et al. showed a jump from peak power density from 600 to 1000
mW cm * by replacing the Pt/C anode catalyst with PtRu/C one [125]. Since then
PtRu/C has been widely used as anode catalyst in the AEMFC, however, there is
still a controversy over where such improvement originates [20]. One suggestion
is that as ruthenium is more oxophilic than platinum, then its addition to the anode
facilitates the adsorption of OH,4 species, which then react with the hydrogen
intermediates (H,4) that are adsorbed on the Pt surface sites [130]. Another option
is that the alloying with ruthenium shifts the Pt-H binding energy to a positive
direction, thus leading to enhanced HOR activity [131]. One thing is certain
though, the fundamental HOR kinetics is improved with PtRu-based catalysts in
comparison to just Pt-based. However, as the kinetics of the ORR is still
significantly more sluggish than HOR, then the performance of the cathode
catalyst is expected to have a large impact on the overall AEMFC behaviour [20].
All the results mentioned above were based on Pt/C cathode catalysts. However,
cheaper replacements are needed, so great efforts are made to find suitable non-
precious metal-based alternatives to the Pt/C, while still obtaining good ORR and
AEMEFC performance.

As prospective alternatives to the Pt-based catalysts for ORR, different non-
precious metal-based materials indeed have shown potential as was discussed in
subsection 4.3. Such PGM-free materials have been already tested in AEMFCs
and selection of the results reported in the literature on non-precious metal
cathode catalysts is shown in Table 1. It can be seen that the peak power density
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values range from about 30 to >1000 mW cm 2, the latter values are also among
the best overall performances achieved with Pt-free cathode catalysts. It is also
evident that the AEM used plays a crucial role in the fuel cell performance, for
example several high-performing MEAs use the radiation-grafted poly(ethylene-
cotetrafluoroethylene)-based (ETFE) AEMs developed by Prof. John Varcoe
[132]. With the commercially available AEMs from Tokuyama (not in production
any longer) and Fumatech (FAA series) the obtained power maxima are not that
high. A rather good performing AEM is also hexamethyl-p-terphenyl poly(benzi-
midazolium) (HMT-PMBI)-based AEM (developed by Prof. Steven Holdcroft
[133]), which seems to be working well with wide range of non-precious metal
catalysts. The HMT-PMBI-based AEM is also mostly used in this work [I-III, V,
VI] apart from [IV], where ETFE-based AEM was employed.

As can be seen in Table 1, a wide selection of catalysts has been used in the
AEMFC with varying dopants and carbon supports [9, 134, 135]. In case of
transition metals, no metal seems to be superior, however, several bimetallic
catalysts have shown rather impressive AEMFC performance. While the choice
of AEM is important, equally important are the preparation of the MEA and the
test parameters, such as gas flow rates, backpressure, humidity of gases and
temperature of a fuel cell, that affect the AEMFC performance [20, 128, 136,

137].

Table 1. Comparison of Hy/O, AEMFC results using Pt-free cathode catalysts.

Cathode catalyst Cat(}ig giiﬁﬁgmg Membrane (OTC) (mvimgrxn’z) Ref.
F,S,N-rGO 1.5 HMT-PMBI | 85 46 [138]
N-CNT 5 FAA, Fumatech | 50 37.3 [139]
NHCS-W 4 Tokuyama A201 | 60 109 [ [140]
CNT/HDC-1000 2 In-house AEM 50 280 [141]
NHC 1 FAA-3, Fumatech| 70 228 [142]
Co/N'/MWCNT 0.6 A201, Tokuyama| 50 120 |[143]
Co/N/CDC 1.5 A201, Tokuyama| 50 78 [144]
N-C-CoOy 2.4 LDPE-BTMA 65 1050 [145]
Co@G/C 600 0.4 mgc, cm > | A201, Tokuyama | 60 412 [146]
MCS (Mn-Co spinel) [0.58 mg e cm * aQAPS-Sg 60 1100 [147]
SiCDC/CNT(1:3)/CoPc 0.69 ETFE 60 470 [79]
Fe/Co/IL-CNF-800b 2 HMT-PMBI 60 195 [148]
0.14C00.01Fe-CB 1.28 ETFE 60 304 [90]
Fe-N-Gra 2 HMT-PMBI | 60 243 [82]
FeCoN-MWCNT 0.745 FAA-3-05-rf 60 692 [75]
FeCoNC 2 HMT-PMBI | 60 415 [65]
Fe/N/C 2 aQAPS-Sg 60 450 [149]
CoFe/VC 24 ETFE 70 1350 |[150]
Fegs-NH; 1.5 ETFE 60 1100 [88]
a-Mn,0O53/Fey s-NH; 1.2 (FeNC) ETFE 60 1000 [88]
Fe-N-C 2 HMT-PMBI | 60 220 |[151]
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For practical application, the AEMFCs have to show excellent performance as
well as high durability. The U.S. Department of Energy targets for 2022 are that
H,/O, fed AEMFCs should reach 1000 mA ¢cm * at 0.65 V and show less than
10% voltage decay over 1000 h at 0.6 mA cm > with overall PGM loading being
<0.2 mg cm > [152]. While such initial performance has been obtained [153],
the durability is still an issue. The AEMFC performance losses can come from
improper water management, carbonation when exposed to CO, and de-
gradation of components (electrocatalysts, AEM and ionomeric binder) [154].
Water management has been discussed before, however, in terms of durability,
the intrinsic water imbalance hinders the long-term performance as the low
water content in the cell leads to poor ionic conductivity or even degradation of
the AEM, but high water content could lead to flooding of the electrodes and
subsequent mass transport issues [121]. The swelling of AEM due to water is
also an issue, as a higher number of functionalised cationic groups, which are
needed for high anionic conductivity, leads to the higher swelling ratio and
reduced mechanical strength. This means the challenge in designing the AEM is
finding the optimal anionic conductivity while maintaining feasible mechanical
properties [155]. The alkaline environment also can chemically degrade the
AEM, as the OH anions can act as nucleophiles and attack the cationic
functional groups leading to their splitting [155, 156]. For practical application
air should be used instead of pure oxygen on the cathode of the AEMFC, then it
raises the issue of carbonation due to the CO, as the latter reacts with OH,
leading to (bi)carbonate formation [154]. This (bi)carbonate build-up reduces
the OH™ anions mobility and increases the ohmic resistance as well as could
lead to pH drop on the anode, reducing the overall cell voltage [154]. In order to
have feasible AEMFC durability, all the prior mentioned issues need attention
and feasible strategies to mitigate the effect and in addition, the chosen
electrocatalysts need to possess excellent stability in alkaline media, so that they
would not cause extra problems during the fuel cell operation.
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5. EXPERIMENTAL

5.1 Pretreatment and preparation
of carbon nanomaterials

Multi-walled carbon nanotubes (CNT, diameter of 30+15 nm, length of 5—
20 pm and purity >95%, purchased from NanoLab Inc., USA) were acid-treated
before usage. For the acid treatment, 25 mL of concentrated H,SO,4 and 25 mL
of concentrated HNO; was added to 500 mg of CNTs in a 500 mL three-necked
reactor. The mixture was heated on a magnetic stirrer for 2 h at 55 °C and for
3 h at 80 °C. After cooling, the CNTs were filtered on a vacuum filter, washed
with Milli-Q water and dried at 60 °C [LII].

Carbide-derived carbon (CDC) synthesised from silicon carbide via chlori-
nation (SiC HiB [LII] or SiC LoB [IV,VI]) was purchased from Skeleton
Technologies (Estonia). To obtain more uniform size distribution of grains, the
CDC material was ball-milled at 400 rpm for 2 h (4x30 min, 5 min cooling
breaks). For the dry ball-milling 200 mg of CDC and 50 ZrO, balls with 5 mm
in diameter were added into the ZrO, grinding bowl [LII]. For the wet ball-
milling, 200 mg of CDC, 20 mg of polyvinylpyrrolidone (PVP, molecular
weight = 40,000; Sigma-Aldrich), 3 mL ethanol, and 20 g of ZrO, balls (dia-
meter 0.5 mm) were added to the grinding bowl [IV,VI].

For the ordered mesoporous carbon (OMC) synthesis, the protocol by Ghim-
beu et al. [115] was adopted. In a typical synthesis, 0.41 g phloroglucinol (98%,
Alfa Aesar), 0.305 g of glyoxylic acid monohydrate (98%, Acros Organics) and
0.805 g of Pluronic F27 (Sigma-Aldrich) were dissolved in 20 mL of ethanol
under magnetic stirring at room temperature for 30 min. Then the mixture was
transferred to a Petri dish and kept at room temperature for 8 h in order to
evaporate ethanol. This was followed by thermopolymerisation at 80 °C for 12
h. The resultant amber-like substance was scraped from the Petri dish and
pyrolysed using a small tube furnace (MTF 250/400/850 mm, Carbolite Ltd.) in
flowing N, (99.999%, Linde Gas) atmosphere at 850 °C for 2 h, at a heating rate
of 3°Cmin”". After cooling down slowly to room temperature, the prepared
carbon material was collected and ball-milled (200 mg at a time) for 30 min at
400 rpm, together with six zirconium dioxide balls (1 cm in diameter) in the
grinding bowl [VI].

Multi-walled carbon nanotubes (NC3150; purity >95%) from Nanocyl S.A.
(Belgium) [IILIV,VI], graphene nanoplatelet aggregates (sub-micron particles,
specific surface area of 750 m® g ' according to the specification sheet) from
Strem Chemicals (USA) [III], and Mesoporous Engineered Catalyst Support
based on carbon (MPC) from Pajarito Powder, LLC (USA), product code: ECS-
004601 [V] were used without any pretreatment.
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5.2 Synthesis of nitrogen and/or transition
metal doped nanocarbons

5.2.1 Nitrogen and/or cobalt doped CDC/CNT composites

15 mg of ball-milled CDC and 15 mg CNTs were dispersed in ethanol. 3 mg of
PVP was added as a dispersing agent. In case of metal doping, 3.7 mg of
Co(NO3),x6H,0 (purity >98%, Sigma-Aldrich) was added as well [II]. Then
the mixture was treated in an ultrasonic bath (Branson 1510E-MTH; frequency:
40 kHz, power output: 70 W, Bransonic®) for 30 min to disperse the nano-
carbon materials. Then 0.6 g of nitrogen precursor was added. Used nitrogen
precursors were urea, melamine (mel), dicyandiamide (DCDA) [LII] and cya-
namide (CM) [II] (all purchased from Sigma-Aldrich). This mixture was treated
in the ultrasonic bath for 2 h until uniform dispersion was achieved. The pre-
pared liquid dispersion was allowed to dry in an oven at 60 °C. The obtained
dry blackish powder was then pyrolysed in N, atmosphere at 800 °C for 1 h,
using a heating rate of 10 °C min~'. The obtained catalyst materials are de-
signated as N-CDC/CNT urea, N-CDC/CNT_mel, N-CDC/CNT_DCDA, N-
CDC/CNT _CM [I], Co-N-CDC/CNT urea, Co-N-CDC/CNT mel, Co-N-
CDC/CNT_DCDA [11].

5.2.2 Transition metal and nitrogen doped
graphene/CNT composites

50 mg of graphene nanoplatelets (Gra), 50 mg of CNTs, 10 mg of PVP, and
either 12.4 mg of cobalt salt (Co(NO3),x6H,0, Sigma-Aldrich) or 8.9 mg of
iron salt (FeCl,x4H,0, Sigma-Aldrich) or 6.2 mg Co and 4.45 mg Fe salts were
mixed in ethanol. The mixture was treated for 30 min in the ultrasonic bath.
After that, 2 g of melamine was added, and the mixture was sonicated again
until a uniform dispersion was achieved (at least 60 min). The prepared mixture
was dried at 60 °C and pyrolysed in N, atmosphere. The precursor mixture was
inserted to the heating zone after 800 °C was reached (ramping rate: 50 °C min "),
kept there for 1 h, and then quickly removed. The obtained catalyst materials
are designated as Co-N-Gra/CNT, Fe-N-Gra/CNT, CoFe-N-Gra/CNT [III].

5.2.3 Transition metal and nitrogen doped
CDC/CNT composites

As nitrogen source 1,10-phenanthroline (purity >99%, Acros Organics) and as
metal precursors iron(Il) acetate (purity 95%, Sigma-Aldrich) and cobalt(II)
acetate (purity >98%, Alfa Aesar) were used. Firstly, metal acetates together
with 1,10-phenanthroline (molar ratio 1:6) were dissolved in ethanol. The
transition metal acetates were taken in such amount that the mass of the metals
(Fe or Co) would correspond to 1 wt% of the carbon materials (CDC and CNT)
and in case of dual doping to 0.5 wt% Fe and 0.5 wt% Co. This solution of
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metal acetate(s) and 1,10-phenanthroline was treated in an ultrasonic bath for 30
min. After that, CDC:CNT (1:1 weight ratio) and PVP (1/10 of CNTs weight)
were added to the mixture and sonicated for at least 60 min until a uniform
dispersion was achieved. The prepared liquid dispersion was dried at 60 °C and
pyrolysed in N, atmosphere. The precursor mixture was inserted to the heating
zone at 800 °C, kept there for 60 min and then quickly removed. The catalyst
materials are designated as Fe-N-CDC/CNT, Co-N-CDC/CNT, and CoFe-N-
CDC/CNT [IV].

5.2.4 Transition metal and nitrogen doped
mesoporous carbon

Firstly, the transition metal acetates together with 1,10-phenanthroline were
dissolved in ethanol. Typical amounts were: 12.5 mg of 1,10-phenanthroline, 1
or 2 mg of iron(Il) and cobalt(Il) acetate and 1.4 mg of manganese(Il) acetate
tetrahydrate (>99%, Sigma-Aldrich). The transition metal acetates were taken in
such amount that the total mass of the metals would correspond to 1 wt% of the
MPC, and in case of bimetallic materials the mass of both metals would be
equal. This solution of metal acetate(s) and 1,10-phenanthroline was treated in
an ultrasonic bath for 30 min, after which 50 mg of MPC was added and further
sonicated for at least 60 min until a uniform dispersion was achieved. The
prepared liquid mixture was dried at 60 °C and pyrolysed in N, atmosphere. The
precursor mixture was inserted to the heating zone at 800 °C, kept there for 1 h
and then quickly removed, thus obtaining the catalyst material.

According to the metal precursors used, the electrocatalyst materials are
designated as follows: Fe-N-MPC, Co-N-MPC, CoFe-N-MPC, FeMn-N-MPC,
and CoMn-N-MPC [V].

5.2.5 Transition metal and nitrogen doped OMC-based materials

Typically 12.5 mg of 1,10-phenanthroline, 1 mg of iron(Il) acetate and 1 mg of
cobalt(IT) acetate were dissolved in ethanol utilising an ultrasonic bath for 30
min. After that, 50 mg of carbon material was added to the solution, followed
by 1 h of sonication. As carbon support, OMC as well OMC/CDC and OMC/
CNT composites were used; in composites the carbons were taken in equal
amounts per weight. The obtained dispersion was dried at 60 °C and pyrolysed
in N, atmosphere. The precursor mixture was inserted to the heating zone at
800 °C, kept there for 60 min and then quickly removed. The catalyst materials
are designated according to the carbon support as CoFe-N-OMC, CoFe-N-
OMC/CDC, CoFe-N-OMC/CNT [VI].
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5.3 Physico-chemical characterisation methods

For the scanning electron microscopy (SEM) measurements, the materials were
suspended in 2-propanol/Milli-Q water (Millipore, Inc.) (volume ratio 1:1) and
then pipetted onto polished glassy carbon (GC) substrates and dried at 60 °C. A
high-resolution scanning electron microscope Helios NanoLab 600 (FEI
Company) was employed. The INCA Energy 350 energy-dispersive X-ray
(EDX) spectrometer (Oxford Instruments) connected to the microscope was
used to assess the elemental composition of the samples.

Scanning transmission electron microscopy (STEM) studies were carried out
on a Titan Themis 200 (FEI) (S)TEM equipped with Cs-probe corrector at
200 kV. EDX mapping was conducted using the SuperX EDX system (Bruker)
connected to the same microscope. The sample for STEM observation was pre-
pared by drop-casting the dispersion of the catalyst material in isopropanol onto
lacey carbon film-coated copper TEM grids.

N, adsorption/desorption isotherms of the catalyst materials were recorded at
the boiling temperature of nitrogen using a NovaTouch LX2 analyser (Quanta-
chrome). Prior to the measurements, the samples were degassed in vacuum at
300 °C and backfilled with N,. The total pore volume (V;,) was measured close
to the saturation pressure (P/Py=0.97). The specific parameters were calculated
by applying quenched solid density functional theory equilibria model for slit-
type [I-V] or slit/syl [VI] type pores, using the Brunauer-Emmett-Teller [I-IV]
and Barrett, Joyner and Halenda models [V, VI].

For Micro-Raman spectroscopy studies, the materials were suspended in 2-
propanol/Milli-Q water (volume ratio 1:1), pipetted onto Si wafers and dried at
60 °C. Raman spectra were recorded in the back-scattering geometry on an
inVia Renishaw spectrometer together with an Olympus confocal microscope
(50X objective) and an argon ion laser operated at 514.5 nm. A baseline
correction was used to compensate for the small fluorescence background and
multiple-peak fitting procedure was applied [157]. The intensities of I, and /g
(integrated areas under the bands) as well as their half widths were extracted
from the fitting of the curves by Voigt functions.

The X-ray diffraction (XRD) analysis of catalyst powders was carried out
using Bruker D8 Advance diffractometer with Ni-filtered Cu Ko as a radiation
source and LynxEye line detector. The diffraction patterns were collected using
scanning step of 0.0183° 26 in a range of 5° to 90° and the counting time of 525
s per step. The diffraction patterns were analysed using the full-profile analysis
software Topas 6 (Bruker).

For X-ray photoelectron spectroscopy (XPS) studies [LIII-VI], the catalyst
materials were suspended in 2-propanol/Milli-Q water (volume ratio 1:1),
pipetted onto GC plates and dried at 60 °C. The XPS measurements were
conducted under ultra-high vacuum using a non-monochromatic twin anode X-
ray tube (Thermo XR3E2) with the characteristic energy of 1253.6 eV (Mg K,)
and an electron energy analyser SCIENTA SES 100. The survey scan was
collected using the following parameters: energy range = 1000 to 0 eV, pass
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energy = 200 eV, step size = 0.5 eV, step duration 0.2 s and number of scans 5.
The following parameters for the detailed N1s spectra were used: energy range
= 410-390 eV, pass energy = 200 eV, step size = 0.2 eV, step duration 0.2 s,
and number of scans at least 50. The raw data were processed using the Casa
XPS software and involved removal of X-ray satellites, peak fitting (using the
Gauss-Lorentz hybrid function (GL 70, Gauss 30 %, Lorentz 70 %) and blend of
linear and Shirley-type backgrounds). From the obtained peak areas the atomic
concentrations were calculated using built into Casa XPS Scofield photo-
absorption cross-sections and the electron effective attenuation lengths. The
XPS spectra in article [II] were acquired using a Kratos Axis Supra spectro-
meter, equipped with a mono-chromatic Al K source operating at 300 W. The
survey spectra were acquired using 160 eV pass energy and step size of 1 eV
with a dwell time of 100 ms averaged over number of scans. The high-
resolution regional spectra of Cls and Nl1s were acquired using 20 eV pass
energy and step size of 0.1 eV with a dwell time of 100 ms averaged over
number of scans. The data analysis was performed using Casa XPS software
and fitted with a 70% Gaussian/ 30% Lorentzian line shape with a fixed full-
width at half maxima of 1.0-1.2 eV for Cls and of 1.3-1.5 eV for N1s peak.

The transition metal concentration in the catalyst materials was determined
using microwave plasma atomic emission spectroscopy (MP-AES) [III-VI]. 10
mg of sample was dissolved with Anton Paar Multiwave PRO microwave
digestion system in NXF100 vessels (PTFE/TFM liner) using an acid mixture of
4 mL of HNO; (65%; Carl Roth, ROTIPURAN® Supra) and 2 mL of H,0,
(30%; Carl Roth, ROTIPURAN®). Samples were digested at 230 °C and at
pressures between 45-50 bar. After dissolution, the samples were diluted with
2% HNOs; solution to obtain metal concentrations of around 5 mg L' and
analysed using Agilent 4210 MP-AES.

The bulk concentration of metals in materials was determined by inductively
coupled plasma mass spectrometry (ICP-MS) [ILIV]. The samples were
dissolved with Anton Paar Multiwave PRO microwave digestion system using
same digestion parameters that were used for catalyst materials. Analysis was
performed using Agilent 8800 ICP-MS/MS in NoGas mode and H,, N,O
reaction modes.

5.4 Electrode preparation and electrochemical
measurements

As a substrate material for the rotating disc electrode (RDE) measurements a
glassy carbon (GC) disc (cut from a GC-20SS rod, Tokai Carbon Ltd., Japan)
pressed into Teflon holder was used as. The electrode’s geometric area was
0.196 cm®. The GC electrode was polished to a mirror finish using 1 and 0.3 pm
alumina slurries (Buehler) and the surface was cleaned via sonication in Milli-Q
water and 2-propanol for 5 min in each solvent. For the rotating ring-disc
electrode (RRDE) measurements, a fixed-disc tip of GC disc/Pt ring [I, III-V] or
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fixed-disc tip of GC disc/Au ring [II] (Pine Research) was used. The geometric
area of the GC disc was 0.164 cm®. The surface of the electrode was polished
using 1, 0.3 and 0.05 um alumina powders (Buehler) and cleaned the same way
as for the RDE experiments.

To make a catalyst suspension, 2 mg [I-III] or 5 mg [IV-VI] of catalyst
material was dispersed in the mixture of 490 pL of 2-propanol and 490 pL of
Milli-Q water or in 980 pL 2-propanol [VI]; 20 puL of Nafion ionomer solution
(5 wt%, Sigma-Aldrich) was added. The suspensions were sonicated in an
ultrasonic bath for at least 1 h until uniform dispersion was achieved. In order to
obtain a catalyst loading of 0.1 [I], 0.2 [ILIII] or 0.4 mg cm > [IV-VI], a certain
amount of catalyst suspension was pipetted onto the cleaned GC surface and
allowed to dry at 60 °C.

All electrochemical measurements were performed in alkaline solution, 0.1
M KOH (purity >85%, Sigma-Aldrich), in a three-electrode glass cell. Ar
(99.999%, Linde Gas) or O, (99.999%, Linde Gas) was used for saturating the
electrolyte solution and a continuous flow of the corresponding gas was retained
over the solution during the experiment. The GC disc coated with respective
catalyst was the working electrode. A saturated calomel electrode (SCE)
connected via a salt bridge was used as a reference electrode. The auxiliary
electrode was a carbon rod, which was separated from the working electrode
compartment by a glass frit. The current densities given in this work were
calculated per geometric area of the GC electrode employed. All potentials
presented were converted to the reversible hydrogen electrode (RHE) by
applying an equation: Erpyg = Escg + 0.241 V + 0.059 V x pH. The electro-
chemical experiments were conducted on PGSTAT30 Autolab potentiostat/
galvanostat (Eco Chemie B.V., The Netherlands) controlled with General
Purpose Electrochemical System (GPES) software. A CTV101 speed controller
together with an EDI101 rotator (Radiometer) were used to conduct the RDE
measurements. For the RRDE measurements, an AFMSRX rotator together
with a MSRX speed controller (Pine Research, USA) were employed.

The electrode rotation rates (w) applied during the RDE measurements were
360, 610, 960, 1900 and 3100 rpm. The obtained RDE polarisation data was
analysed using the Koutecky-Levich (K-L) equation (8) [158]:

I 1 1 1 1
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where j is the measured current density, jix and j4 are kinetic and diffusion-
limited current densities, respectively, # is the number of electrons transferred
per O, molecule, & is the electrochemical rate constant for O, reduction (cm s ),
F is the Faraday constant (96,485 C mol "), w is the rotation rate (rad s "), Co,"
is the concentration of O, in the bulk (1.2X1076 mol cm73)[159], Dq, 1s the
diffusion coefficient of O, (1.9x107° cm®s")[159] and v is the kinematic
viscosity of the electrolyte solution (0.01 cm” s~ )[160].
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For the detection of hydroperoxide anion (HO, ) formation during the RRDE
measurements, the Pt ring electrode was kept at a constant potential of 1.55 V
and Au ring at 1.05 V. The ring electrode was electrochemically cleaned before
each measurement by applying at least three potential cycles from 0.05 to
1.65 V with Pt or —0.2 to 1.75 V with Au at 100 mV s '. The collection effi-
ciency (N) of the Au ring was 0.22 [II], Pt ring had N of 0.22 [LIV,V] or 0.25
[LII]. It was determined using the hexacyanoferrate(I1l) reduction reaction [161].

The RRDE experimental data was used to calculate the peroxide yield and
the n values. To calculate the percentage yield of peroxide formation at the disc
electrode, Eq. (9) was used:

2_1r
%HO, = p K- x100% 9

oty

where I is the disc current, /; is the ring current, and N is the collection
efficiency of the ring electrode. The value of n was calculated from the RRDE
results using Eq. (10):

n = 4l 10
It (10)
The short-term stability testing of catalyst materials using either RDE or RRDE
was carried out by applying 10,000 potential cycles at 200 mVs ' in O,-
saturated 0.1 M KOH solution. Used potential window for cycling was 1 to 0.5
VI[I], 1 to 0.6 V [II-IV] or 1.1 to 0.6 V [V,VI]. The ORR polarisation curves
were recorded before and after potential cycling at an electrode rotation rate of
960 [I1H-V] or 1900 rpm [LILVI] from 1 [I-IV] or 1.1 [V,VI] to —0.2V at 10
mVs .

5.5 Anion exchange membrane fuel cell tests

For AEMFC tests with N-CDC/CNT material [I], HMT-PMBI was used as both
ionomer in the ink and the AEM [133]. The final catalyst loadings were 1.6 mg
cm 2 for N-CDC/CNT or 0.4 mgp; cm 2 for Pt/C (weight ratio: 40/60, Fuel-
CellStore) on the cathode and 0.6 mgpr, cm 2 for the PtRu/C (weight ratio:
33/17/50, Tanaka Kikinzoku Kogyo) anode. The area of the fuel cell electrode
was 5 cm”. The catalyst-coated membranes (CCMs) were soaked in 3 M KOH
solution for 2 days before testing. The single-cell fuel cell performance was
evaluated using humidified (100% relative humidity (RH)) H, and O, gases at
60 and 70 °C using 850¢ Fuel Cell Test System (Scribner Associates Inc.). The
flow rates for O, and H, were 1.0 L min ' without or with 100 kPa back-
pressure.

For AEMFC tests with Co-N-CDC/CNT [II], HMT-PMBI ionomer solution
and AEM were used. Co-N-CDC/CNT cathode loading was 2 mg c¢cm °. For
comparison, a commercial Pt/C (46 wt%, Tanaka Kikinzoku Kogyo, Japan) was
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applied as the cathode catalyst with a loading of 0.4 mgp, cm >. Commercial
PtRu/C (weight ratio: 50/25/25, Alfa Aesar) was applied as an anode catalyst
with 0.6 mgpg, cm* loading. The electrodes together with the HMT-PMBI
membrane were immersed in 1 M KOH solution for 24 h before testing. The
electrodes and the membrane were pressed together into a 5 cm? cell. Greenlight
Fuel Cell Test Station (G50 Fuel Cell System, Hydrogenics, Canada) was used
to conduct the single-cell AEMFC test. Humidified (100% RH) O, (99.95%,
Linde Gas) and H; (99.999%, Linde Gas) gases at 60 °C were fed to the system
using a flow rate of 0.3 L min"'. The applied backpressure was 200 kPa.

In the AEMFC tests with M-N-Gra/CNT catalysts [I11], Aemion+ membrane
(AF2-HLES8-10, Ionomr Innovations Inc., Canada) with 10 um thickness and
polyimidazolium-based Aemion+ ionomer (lonomr Innovations Inc., Canada)
were employed. Loading of the M-N-Gra/CNT catalyst was 1 to 1.25 mg cm ~.
On the anode, loading of 0.5 mgp, cm (0.72 mgpry cm’z) was used with PtRu/C
(Pt =32.7 wt%, Ru = 16.9 wt%, Tanaka Kikinzoku Kogyo). Comparison MEA
had a 0.35 mgp, cm > loading on the cathode and 0.35 mgp, cm > (0.53 mgpry
cm %) on the anode. Prior to the AEMFC test, CCMs were submerged in 3 M
KOH for 2 days with a daily refreshment of the solution. Test was performed in
the 5 cm” cell using Scribner 850e Fuel Cell Test System. No backpressure was
applied to the cell, the cell temperature was 70 °C, RH was 92%, and 0.5 L
min~' flow rate was applied with both oxygen and hydrogen.

In the AEMFC tests with M-N-CDC/CNT catalysts [IV], ETFE-based AEM
[132] was used. For the anode ink, PtRu/C catalyst (40% Pt and 20% Ru on
carbon black, HiSPEC® 10000, Alfa Aesar) was combined with an anion
exchange ionomer consisting of crosslinked polystyrene functionalized with
trimethylbenzylamine groups (Fumatech) and carbon black (Vulcan XC-72) and
obtained ionomer-to-catalyst ratio was 20:80. The anode loading was 0.7+£0.05
Mgpry cm 2. For the cathode inks, the M-N-CDC/CNT catalysts were prepared
similarly to the anode ink, but without the addition of carbon black, and with an
ionomer-to-catalyst ratio of 30:70. Loading obtained with M-N-CDC/CNT
catalysts was 0.71 to 0.75 mg cm >. The prepared electrodes and the AEM were
immersed in 1 M KOH aqueous solution for 1 h, with solution changes after
every 20 min. 5 cm” cells were tested in an 850E Scribner Associates Fuel Cell
test station with hydrogen at the anode and oxygen at the cathode. The best
performing cell was then subjected to further analysis by switching the oxidant
to CO,-free air at the cathode. All the fuel cell tests were performed at a cell
temperature of 60 °C under gas flows of 1 L min~' and 100 kPa back-pressu-
risation on both anode and cathode.

In the AEMFC tests with M-N-MPC catalysts [V], the HMT-PMBI
membrane with the thickness of 10 um and HMT-PMBI-based ionomer were
used. The final catalyst loading on the cathode was 2 mg cm * or 0.4 mgp, cm
for Pt/C (46 wt%, Tanaka Kikinzoku Kogyo, Japan). On the anode, Pt-Ru/C
catalyst (50:25:25, Alfa Aesar) loading of 0.8 mgpgr, cm > was applied. The
electrodes were immersed in 3 M KOH solution 24 h prior to testing. The
HMT-PMBI membrane was immersed in 3 M KOH for 96 h before testing with
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the fresh solution provided after every 24 h. Greenlight Fuel Cell Test Station
was used to conduct the 5 cm” single-cell AEMFC test. Humidified (RH 50%)
O, and H, gases at 60 °C were fed to the system using a flow rate of 1.0 L
min"". The applied backpressure was 200 kPa.

In the AEMFC tests with OMC-based catalysts [VI], Aemion+ membrane
(AF2-HLES8-10-X, Ionomr Innovations Inc.) with 10 um thickness and HMT-
PMBI ionomer were used, the cathode loading was 1 mgcm . For the anode,
Pt—Ru/C (50:25:25, Alfa Aesar) was combined with AP2-INN8-00-X (lonomr
Innovations Inc.) ionomer solution and used loading was 0.4 mgpr, cm 2.
Before use, the electrodes and the AEM were soaked in 3 M KOH for one and
four days (changed daily), respectively. Greenlight Fuel Cell Test Station was
used for AEMFC tests. The cell was fed using 1 L min™' gas flow rate at 65 °C
with the backpressure set for 200 kPa. The relative humidity for O, and H,
gases were optimised during the AEMFC testing with the corresponding values
being 60, 75, and 71% RH for CoFe-N-OMC, CoFe-N-OMC/CDC, and CoFe-
N-OMC/CNT, respectively.
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6. RESULTS AND DISCUSSION

6.1 Nitrogen and/or cobalt doped CDC/CNT composites as
catalysts for oxygen reduction

A combination of predominantly microporous CDC together with CNTs was
employed as carbon support in articles [I] and [II] with an aim to obtain a novel
and feasible porous structure in the catalyst materials. The beneficial properties
of respective carbon materials are described in subsection 4.4. For nitrogen
doping dicyandiamide (DCDA), melamine (mel), urea [I, II] and cyanamide
(CM) [I] were used due to their high N content and wide availability. During the
pyrolysis procedure, the exothermic dimerisation of cyanamide towards DCDA
occurs at ca. 150 °C, followed by the exothermic reaction yielding melamine at
240 °C [162]. When the temperature is above 500 °C, the graphitic carbon
nitride (g-C;N4) forms from melamine [162, 163]. When urea is heated to
350 °C it decomposes into a mixture of cyanuric acid, ammelide and melamine
[164]. Similar to others at 550 °C g-C;N4 forms [63, 164, 165]. The graphitic
carbon nitride decomposes at 700 °C [163]. During the decomposition of nitro-
gen precursors and g-C;N,, abundant NHj3 and different nitrogen-containing
gases are released, which can dope nitrogen into carbon network [165]. As
metal precursor, cobalt nitrate was employed [II]. The doping was done via
pyrolysis at 800 °C.

6.1.1 Physico-chemical characterisation of N-CDC/CNT and
Co-N-CDC/CNT materials

SEM method was employed for the characterisation of the prepared catalyst
materials’ morphology and the obtained micrographs are presented in Figure 5.
From the large-scale micrographs (Figures 5a and 5c) it is visible that just
nitrogen doped as well as cobalt and nitrogen doped materials exhibit similar
structure with carbon nanotubes surrounding the CDC grains. The CDC grains
in the composite vary in size from few hundred nanometres up to several micro-
metres, and the smaller ones are well wrapped with CNTs. Higher magnifi-
cation SEM micrographs (Figures 5b and 5d) show that the CNTs in the
composite materials vary in diameter and are aligned in different directions with
some of them curled or bundled up. The CNT bundles between larger CDC
grains create a network of meso- and macroporous areas connecting the micro-
porous CDC. That kind of formation of larger pores is beneficial for the mass
transport in the catalyst layer for the AEMFC application. According to the
SEM micrographs, the as prepared CDC/CNT-based catalyst materials do not
have any noticeable differences, which suggests that the surface morphology
does not depend essentially on the nitrogen precursor (urea, melamine, DCDA
or cyanamide) used.
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Figure 5. SEM micrographs with lower (a, ¢) and higher magnification (b, d) for N-
CDC/CNT _DCDA (a, c) and Co-N-CDC/CNT _mel (c, d).

The structure of the Co-N-CDC/CNT materials was further investigated by
STEM. The results presented in Figure 6 confirm the SEM observations, i.e.
that the materials consist of a mix of CDC grains and CNTs. Both cobalt and
nitrogen were well dispersed in the material. The presence of atomically
dispersed cobalt was identified by STEM, as shown in Figure 6¢ (examples
showcased inside the squares).

Figure 6. STEM micrographs at different magnifications for Co-N-CDC/CNT _mel.
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The textural properties of the CDC/CNT, N-CDC/CNT and Co-N-CDC/CNT
catalysts are given in Table 2. The specific surface area (SSA) of N-doped
catalysts was around 400-500 m? g~' with N-CDC/CNT urea having the highest
(470 m* g™") and N-CDC/CNT DCDA the lowest SSA value (392 m*g"). The
nondoped CDC/CNT material had a SSA of 322 m” g'; it should be noted that
the initial CDC had a SSA of 1420 m* g~ (prior to ball-milling) and the SSA of
CNTs was about 200 to 400 m’g ' (according to the data provided by the
producer). These results show that ball-milling reduces the SSA of CDC
greatly, whereas doping with nitrogen increased the specific surface area of the
CDC/CNT catalysts. Similar tendencies to the SSA values can also be seen with
total pore volume (V) and micropore volume (Vo). After doping with both
cobalt and nitrogen (Table 2), the SSA of the catalysts decreased in comparison
to just nitrogen-doped material. When melamine or DCDA was used as N
precursor, the SSA decreased, but when urea was used, the SSA increased in
comparison to CDC/CNT. The differences are not large, which shows that
doping with nitrogen and cobalt does not have a big effect on the total SSA. The
division of SSA to micro- and mesoporous SSA shows that during the doping
new mesopores were formed, especially in case of Co-N-CDC/CNT _mel, which
owns its SSA half and half to micro- and mesopores, respectively. For the other
two Co-N-CDC/CNT catalysts, the SSA of micropores dominates. The total
pore volume slightly increased for all doped composites as compared to the
nondoped CDC/CNT material.

Table 2. Textural properties of CDC/CNT, N-CDC/CNT and Co-N-CDC/CNT
materials: specific surface area (SSA), micro- and mesoporous SSA (SSAmicror SSAmeso)s
total pore volume (V) and micro-pore volume (¥ yicro)-

Catalyst SSA, | SS4niero | SSAnca Vet Vagro

(mg)|[(mg )| (mg) | (cmg) | (cmg)
CDC/CNT 322 243 79 0.37 0.12
N-CDC/CNT_CM 405 300 105 0.46 0.14
N-CDC/CNT DCDA 392 305 87 0.38 0.14
N-CDC/CNT urea 470 338 132 0.54 0.16
N-CDC/CNT_mel 408 288 120 0.50 0.14
Co-N-CDC/CNT DCDA | 287 183 104 0.39 0.10
Co-N-CDC/CNT _urea 331 223 108 0.42 0.12
Co-N-CDC/CNT _mel 276 134 142 0.44 0.09
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Figure 7a presents the first-order Raman spectra of the Co-N-CDC/CNT cata-
lyst materials. The Raman spectra of all three materials show the presence of
two wide bands, which are characteristic to the carbon-based materials. These
are the graphitic carbon (G) and disordered carbon (D) peaks located at ~1580
and ~1350 cm™, respectively. It should be considered that the spectra are com-
posed of superposition from two different components: relatively narrow G and
D peaks from CNTs and much broader G and D bands from CDCs [II]. The G
peak is related to the in-plane stretching of the C—C bonds at sp” sites and is
characteristic for carbon materials. The D peak however becomes visible when
there is a disorder in the structure demonstrating that the prepared materials are
fairly amorphous [166]. For the quantitative analysis the integrated areas under
the D and G peaks were found (/p and Ig). The Ip/lg ratios for Co-N-CDC/
CNT urea, Co-N-CDC/CNT_mel and Co-N-CDC/CNT_DCDA samples were
1.25, 1.35 and 1.29, respectively. High Ip/l; values indicate that there is a
significant level of disorder together with defects present in the prepared
composite catalyst materials. Similar Raman spectra as well as almost the same
Ip/I ratios were also obtained for N-CDC/CNT materials [I].

XRD analysis was applied to study the composition and crystallographic
structure of the Co-N-CDC/CNT catalysts. The obtained diffraction patterns can
be seen in Figure 7b. The largest peak observed at ca. 26.5°(20) corresponds to
the graphitic carbon (002), consisting of a wide 2H and narrow 3R graphite
peaks. 2H and 3R are used to characterize the stacking sequence of graphene
layers [167]. Additional peaks around 40 to 46°(20) can be assigned to graphite,
cobalt and cobalt oxide. Thus, the XRD studies suggest the presence of Co-
containing nanoparticles in the materials. In addition, traces of ZrO, from ball-
milling and SiC from the starting carbide were detected. To evaluate the amount
of defects in the carbon materials, the ratio of 3R:2H graphite can be used [168].
The 3R:2H ratios of the synthesized catalyst materials were 1:1, 3:2 and 3:2 for
Co-N-CDC/CNT_DCDA, Co-N-CDC/CNT urea and Co-N-CDC/CNT_mel,
respectively, which shows that these catalyst materials have a rather high
density of structural defects. For all three electrocatalysts, the size of graphite
crystallites is below 8 nm and up to a fifth of the carbon mass consists of
structurally unlinked graphite layers. By using the half-width of the carbon
(002) peak and the Scherrer’s method [169], the average thickness of graphite
crystallites was found to be 4.9 nm in Co-N-CDC/CNT_DCDA material and
5.2 nm in both Co-N-CDC/CNT urea and Co-N-CDC/CNT _mel catalysts.
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Figure 7. (a) Raman spectra and (b) XRD patterns for Co-N-CDC/CNT catalysts; (c)
N1s high-resolution XPS spectra for Co-N-CDC/CNT _mel sample.

XPS analysis was applied in order to examine the surface elemental com-
position of the catalyst samples. According to the XPS, the unmodified
CDC/CNT material consists of carbon and oxygen as expected [I]. The XPS
survey spectra for the N-CDC/CNT materials reveal three distinct peaks at
284.8, 532.1 and 400 eV, attributed to the binding energies of Cls, Ols and
Nls, respectively, thus indicating that the N-doping of the CDC/CNT composite
materials has been successful. The nitrogen content on the surface of N-
CDC/CNT materials was around 3 at% [I]. In Co-N-CDC/CNT samples, the
nitrogen content was around 2 to 3 at% and the cobalt content was around 0.1
at% [II]. After deconvoluting the N1s peaks of high-resolution XPS spectra into
components (example in Figure 7c), it was revealed that in N-CDC/CNT and
Co-N-CDC/CNT materials the pyridinic-N is the most prominent N-species
present (relative content ca. 40%), followed by pyrrolic-N (ca. 20%). Such
results are expected, as the nitrogen precursors and the pyrolysis conditions
were the same with N-CDC/CNT and Co-N-CDC/CNT materials. A major
difference, however, is that the metal-doped materials also contain around 20%
of metal coordinated to nitrogen (M-N,) moieties. As discussed in subsection
4.3 then pyridinic-N and M-N; moieties are deemed to be the most active
species towards the oxygen reduction reaction.

Since the XPS method only studies the elemental composition of the surface
of the materials, the bulk cobalt content in Co-N-CDC/CNT materials was
determined by ICP-MS. According to the ICP-MS results, the cobalt content
was in the range from 2.4 to 3.1 wt% in all Co-N-CDC/CNT catalyst materials.
The bulk Co content is also close to the nominal value calculated from the
amount of Co salt added in the synthesis. In addition to cobalt, 0.5 wt% of
zirconium was also detected in all three samples, which is a residue from the
ball-milling procedure, where ZrO, balls were used.
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6.1.2 Oxygen reduction reaction on N-CDC/CNT and
Co-N-CDC/CNT catalysts

Firstly, the electrocatalytic activity of the N-CDC/CNT catalysts towards the
ORR was studied in 0.1 M KOH solution (Figure 8, Table 3). The undoped
reference material CDC/CNT showed the lowest ORR activity with the onset
potential of O, reduction (E,nse, defined as the potential at which the ORR
current density reaches —0.1 mA c¢m ) being 0.80 V vs RHE and the polarisa-
tion curve exhibited two reduction waves. The shape of the RDE polarisation
curves for oxygen reduction was rather similar for all four nitrogen-doped
composite catalysts and only a single reduction wave was observed. The onset
potential of N-CDC/CNT_CM was slightly more negative (Eouse=0.87 V)
compared to N-CDC/CNT_DCDA, N-CDC/CNT _mel and N-CDC/CNT _urea
with all three having the same E . value of 0.90 V. The half-wave potential
(E\p) values for the catalysts were between 0.74 and 0.77 V (Table 3). These
results show that the prepared N-CDC/CNT catalysts have a rather high
electrocatalytic activity towards the ORR, but are slightly inferior to com-
mercial Pt/C (Equ5e=0.96 V; E1,=0.82 V).

0 T T T T T T T T T
| —— N-CDC/CNT urea
—— N-CDC/CNT_DCDA 1
1L ——N-CDC/CNT_mel 4 i
—— N-CDC/CNT_CM /
< CDC/CNT

-2 ——PYC 20 wi% [ e

JImA cm

0.2 00 0.2 0.4 0.6 0.8 1.0
Evs RHE/V

Figure 8. RDE voltammetry curves for ORR on CDC/CNT, N-CDC/CNT catalysts and
commercial Pt/C in O,-saturated 0.1 M KOH solution (w=1900 rpm, v=10 mV s,
catalyst loading 0.1 mg cm ?).

Similarly to the N-CDC/CNT materials, the initial assessment of the ORR
activity of Co-N-CDC/CNT materials was done using the RDE method in 0.1 M
KOH solution with the results shown in Figure 9 and Table 3. The shape of the
RDE polarisation curves for oxygen reduction was rather similar for all Co-N-
CDC/CNT catalysts and only a single reduction wave was observed with a
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clearly defined diffusion-limited current plateau formed (Figure 9a). The ORR
onset potential of Co-N-CDC/CNT_DCDA was slightly more negative com-
pared to those of Co-N-CDC/CNT mel and Co-N-CDC/CNT _urea both having
the same E,t value of 0.95 V. The half-wave potential for O, reduction on Co-
N-CDC/CNT catalysts was 0.82 V. These results were comparable to that of
commercial Pt/C and superior when compared to N-CDC/CNT materials
(Figure 8, Table 3), which suggests that adding transition metal, herein cobalt,
indeed improves the electrocatalytic activity of materials.

To study the ORR pathway on the N-CDC/CNT and Co-N-CDC/CNT cata-
lyst materials, the RDE polarisation curves were recorded at different electrode
rotation rates (example in Figure 9b) and the data was analysed using Koutecky-
Levich (K-L) equation (Eq. 8). The K-L plots together with the potential
dependence of the n value is shown in Figure 9c. The intercept of extrapolated
K-L lines (Figure 9c, [LI1]) is near zero, thus indicating that the electroreduction
of O, is under diffusion control in a broad range of potentials for doped
CDC/CNT materials. The value of n is four for Co-N-CDC/CNT_mel and Co-
N-CDC/CNT_DCDA electrocatalysts, but slightly lower in case of Co-N-
CDC/CNT urea and N-CDC/CNT materials. These results show that the
electroreduction of O, proceeds predominantly via direct 4¢ pathway or 2-step
2e pathway.
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Figure 9. (a) Comparison of ORR polarisation curves recorded in O, saturated 0.1 M
KOH solution on Co-N-CDC/CNT, CDC/CNT, and Pt/C catalysts (v=10 mV st
@=1900 rpm, catalyst loading 0.2 mg cm™). (b) RDE voltammetry curves for the ORR
on Co-N-CDC/CNT_mel catalyst at various rotation rates (v=10 mV s ). (c) Koutecky-
Levich plots for the ORR derived from the RDE data in (b) and the n value as a function
of potential is given in the inset.
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Table 3. The ORR parameters determined from RDE data for CDC/CNT, N-CDC/CNT
(loading 0.1 mg cm?) and Co-N-CDC/CNT (loading 0.2 mg cm?) electrocatalyst
materials in 0.1 M KOH solution.

Catalyst Eone/ V E 'V n
CDC/CNT 0.80 n.d. 2.5-3.5
N-CDC/CNT urea 0.90 0.77 34-39
N-CDC/CNT DCDA 0.90 0.74 3.6-3.9
N-CDC/CNT mel 0.90 0.76 3.7-4.0
N-CDC/CNT CM 0.87 0.74 3.4-4.0
Co-N-CDC/CNT urea 0.95 0.82 3.7-3.9

Co-N-CDC/CNT DCDA 0.91 0.82 4.0

Co-N-CDC/CNT mel 0.95 0.82 4.0

For practical applications it is important that the properties of the catalyst
remain stable for a long time period. A short-term stability test in alkaline media
was conducted using N-CDC/CNT_mel and Co-N-CDC/CNT_mel catalyst and
the results can be seen in Figure 10. After 10,000 potential cycles, the ORR
performance remained virtually the same for both materials. Similar good
stability is expected also for the other prepared catalyst materials in alkaline
media due to their similar morphologies and compositions.
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Figure 10. RDE voltammetry curves for ORR on (a) N-CDC/CNT_mel and (b) Co-N-
CDC/CNT _mel catalyst materials in O,-saturated 0.1 M KOH solution before and after
10,000 potential cycles (w=1900 rpm, v=10 mV s ).
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6.1.3 Anion exchange membrane fuel cell test with
N-CDC/CNT and Co-N-CDC/CNT catalysts

As N-CDC/CNT_mel and Co-N-CDC/CNT mel exhibited very good ORR
activity as well as excellent stability, then they were employed as cathode
catalysts in the AEMFC together with PtRu/C anode and HMT-PMBI anion
exchange membrane [133]. The single-cell AEMFC performance of N-
CDC/CNT _mel is shown in Figure 11a and it shows good performance by
obtaining a peak power density (Ppay) of 260 mW cm > at 60 °C and 310 mW
cm * at 70 °C, which is among the highest AEMFC power densities for MEAs
using metal-free cathode catalysts (Table 1). The single-cell AEMFC per-
formance with Co-N-CDC/CNT _mel on the cathode is shown in Figure 11b and
that catalyst exhibits impressive AEMFC performance by obtaining current
density of 206 mA cm > at 0.8 V and the peak power density of 577 mW cm* at
60 °C. This shows that the Co-N-CDC/CNT material surpasses the electro-
catalytic activity of N-CDC/CNT material quite significantly, thus proving that
in order to obtain excellent and Pt-like performance in the AEMFC, the in-
corporation of transition metal is crucial in addition to the nitrogen doping. The
Pax value places the Co-N-CDC/CNT _mel catalyst among the best cobalt-
based cathode catalysts to date used in an AEMFC (Table 1). The excellent
performance of Co-N-CDC/CNT _mel can be attributed to the presence of ORR-
active sites (pyridinic-N, M-N,) as well as feasible porous structure, as it
exhibits relatively large mesoporous network in addition to the micropores,
which is important for the AEMFC application [170].
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Figure 11. Polarisation and power density curves for H,/O, AEMFCs using the HMT-
PMBI anion exchange membrane and ionomer. Anode catalyst: PtRu/C and cathode
catalyst (a) N-CDC/CNT_mel or (b) Co-N-CDC/CNT (60 °C, 200 kPa backpressure).
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6.2 Transition metal and nitrogen doped graphene/CNT
composites as catalysts

As the cobalt and nitrogen doped CDC/CNT composites showed excellent per-
formance, described in subsection 6.1, then this doping method with melamine
as nitrogen source was utilised for incorporating nitrogen into graphene-like
material and carbon nanotubes composite (Gra/CNT) [III]. This support should
similarly to CDC/CNT give a novel and possibly beneficial porous structure to
the final catalyst materials. In addition to nitrogen doping with melamine as pre-
cursor, transition metals were also added as they were proven to be useful in
subsection 6.1 and [II]. As dopants, cobalt, iron and both of them were in-
corporated to study the effect of different metal additives on the ORR
performance. The synthesis was done via pyrolysis, yielding three catalyst
materials: Co-N-Gra/CNT, Fe-N-Gra/CNT and CoFe-N-Gra/CNT.

6.2.1 Physico-chemical characterisation of M-N-Gra/CNT
materials

The morphology of three prepared catalyst materials was studied using scanning
electron microscopy (SEM) with obtained micrographs shown in Figure 12.
Lower magnification images (Figure 12a, [III]) indicate that all three materials
exhibit very similar structures with CNTs surrounding and connecting the
graphene nanoplatelet agglomerates, which seem to be varied in size. Higher
magnification images (Figure 12b, [III]) give a better overview of the carbon
composite network: the CNTs are aligned in different directions with the
formation of clusters; the graphene-like material however remains in the
agglomerate form and is covered well with the CNTs. All-in-all, no noticeable
differences in the morphology of the materials prepared using different
transition metals can be seen. The morphology seems also somewhat similar to
that of CDC/CNT composite described in subsection 6.1 (Figure 5).
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Figure 12. (a, b) SEM micrographs of CoFe-N-Gra/CNT material; (c) pore size
distributions and N, adsorption-desorption isotherms (the inset) for Gra/CNT and M-N-
Gra/CNT materials.
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N, physisorption studies were conducted to analyse the textural properties of the
prepared catalyst materials with the results shown in Figure 12c¢ and Table 4.
All materials had similarly shaped isotherms (Figure 12c inset), which corres-
ponds to a combination of type I and III with H3 hysteresis according to [IUPAC
[171]. Such N, adsorption-desorption isotherms are characteristic of micro-
mesoporous materials with a relatively small proportion of micropores. The
Gra/CNT composite material had a specific surface area of 511 m* g ', which is
expected as the SSAs of pure graphene nanoplatelets and CNTs are 750 and
200400 m’ g, respectively (according to the product specification sheets).
Overall, after the doping, a slight decrease in the SSA can be observed. With
cobalt incorporation, new values calculated are 470 m* g™ and 484 m*g'. At
the same time, a larger decrease to 415 m* g ' occurred for Fe-N-Gra/CNT cata-
lyst. The latter also exhibited a slightly lower overall pore volume (Vi) and
micropore volume (Viicro) than the other two catalyst materials. In general, all
three M-N-C type materials have rather similar textural properties, especially
considering the pore size distributions (Figure 12¢), which indicates the pre-
sence of a significant amount of smaller mesopores (maximum peak at ca.
3 nm), but also a notable amount of larger mesopores in the catalyst materials.
This highly porous structure with pores of various sizes could be beneficial in
the fuel cell application.

Table 4. Specific surface area (SSA), total pore volume (V,), and micropore volume
(Viero) for Gra/CNT and M-N-Gra/CNT samples.

Catalyst material SSA (m*g ) Vi (cm’ g 1) Viero (ct® g 1)
Gra/CNT 511 0.87 0.10
Fe-N-Gra/CNT 415 0.67 0.07
Co-N-Gra/CNT 470 0.74 0.11
CoFe-N-Gra/CNT 484 0.72 0.12

The structure of the prepared catalyst materials was further investigated using
Raman spectroscopy and XRD. The Raman spectra (Figure 13a) of Gra/CNT
and M-N-Gra/CNT catalyst materials are similar and typical of carbon materials
with a presence of broadened graphitic carbon (G, ~1590 cm ') and disordered
carbon (D1, ~1350 cm™") peaks. The width of D1 and G bands, which increase
with the degree of disorder in the graphitic lattice [172], were more or less the
same in all samples with a value of 66 and 76 cm™', respectively. Rather narrow
peaks suggest that materials have graphitic domains, while the high D1 peak
indicates the presence of disorder and defects [166]. The latter is also proved by
the relatively high I/l ratios of 1.32, 1.25, 1.33, and 1.5 for Gra/CNT, Fe-N-
Gra/CNT, Co-N-Gra/CNT, and CoFe-N-Gra/CNT, respectively.

The crystallographic structure as well as the composition of the catalyst
materials were studied using the XRD analysis (Figure 13b). Among collected
XRD patterns, the most prominent peaks are graphitic carbon peaks at 26.2—
26.6° (20) and at 41-46° (20), consisting of wide 2H and narrow 3R graphite
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peaks, which characterise the different stacking sequences of graphene layers
[167]. In all samples the content of 3R carbons was higher than that of 2H and
this high 3R content in a combination with a wide first peak (26.2-26.6°) with a
visible shoulder at lower angles suggests that materials have a disordered
structure with some unlinked graphitic layers [168]. In addition to the graphitic
carbon, small peaks corresponding to the transition metals (Fe, Co, and CoFe
alloy) can be seen around 40—46° (20) on M-N-Gra/CNT patterns, however, the
determination of specific metal compounds is difficult due to the overlap with
the second carbon peak as well as a low content.
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Figure 13. (a) Raman spectra and (b) XRD patterns for Gra/CNT and M-N-Gra/CNT
materials; (¢) N1s high-resolution XPS spectra for CoFe-N-Gra/CNT sample.

The chemical composition of the materials was studied using the XPS, SEM-
EDX and MP-AES techniques. According to the XPS results [III], the M-N-
Gra/CNT catalysts contain C, O, N, and the added metals (Fe, Co, or both) with
the surface nitrogen content being between 1.5 and 1.9 at%. The transition
metal signal in the XPS analysis is rather weak, however, according to the
SEM-EDX all three M-N-Gra/CNT materials contain around 5 wt% of nitrogen
and ca. 2.5 wt% of transition metal(s) as was also intended from the catalyst
synthesis. Similar metal contents were also found in bulk materials using the
MP-AES method. Overall, the process of doping with nitrogen and transition
metal(s) via pyrolysis has been a success with all of the M-N-Gra/CNT
materials having a similar content of dopants.

In addition to knowing the contents of dopants, it is important to know in
what form they are, especially nitrogen. For the latter, the high-resolution XPS
spectra in the N1s region were collected for M-N-Gra/CNT materials and then
deconvoluted into seven peaks as shown in Figure 13c. The nitrogen configu-
ration in all three M-N-Gra/CNT materials is very similar, meaning that the
doping with melamine has had a similar effect and it does not depend on the
transition metal employed. The most prominent N-species in M-N-Gra/CNT
materials was pyridinic-N with relative content above 40%, followed by N-H
(includes pyrrolic-N and hydrogenated pyridine) at ca. 25%, graphitic-N and
metal-coordinated N-species (M-Ny) both took up ca. 10%. Similar high
contents of pyridinic-N and pyrrolic-N were also obtained in N-CDC/CNT and
Co-N-CDC/CNT materials [LII] in subsection 6.1, which also showed high
ORR activity.
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6.2.2 Oxygen reduction reaction on M-N-Gra/CNT catalysts

For the assessment of ORR activity of the catalysts, the RDE method was used
in 0.1 M KOH solution, the results are presented in Figure 14a and Table 5. The
undoped Gra/CNT material has the lowest electrocatalytic activity, while the
nitrogen and transition metal doped M-N-Gra/CNT materials exhibit signifi-
cantly improved electrocatalytic properties, close to that of state-of-the-art Pt/C
(40 ngp cm’z) catalyst. All three M-N-Gra/CNT materials had the same E)),
values of 0.81 V, which is only 2 mV lower than that of Pt/C (F£,,=0.83 V;
Eonse=0.98 V). The onset potentials were also very similar for all M-N-Gra/CNT
materials.

The obtained K-L plots from series of RDE polarisation curves (Figure 14b)
together with the dependence of # on the potential are shown in Figure 14c. The
intercept of extrapolated K-L lines is close to zero for M-N-Gra/CNT materials,
but slightly off zero for Gra/CNT [III]. This indicates that the electroreduction
of O, on M-N-Gra/CNT catalysts is predominantly under diffusion control in a
broad range of potentials and that the kinetic limitations are reduced via doping
the Gra/CNT composite material. The value of n was 4 for all three M-N-
Gra/CNT materials, but ranged from 3.2 to 3.9 for Gra/CNT (Table 5).
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Figure 14. (a) Comparison of the ORR polarisation curves recorded in O,-saturated
0.1 M KOH solution on Gra/CNT, M-N-Gra/CNT, and Pt/C catalysts (v=10 mV s,
0=1900 rpm). (b) RDE voltammetry curves for the ORR on CoFe-N-Gra/CNT catalyst
at various rotation rates (v=10 mV s '). (c) Koutecky—Levich plots for the ORR derived
from the RDE data in (b) and the n value as a function of potential is given in the inset.
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Table 5. The ORR parameters determined from RDE data for Gra/CNT and M-N-
Gra/CNT (loading 0.2 mg cm ) electrocatalyst materials in 0.1 M KOH solution.

Catalyst Eynoet/ V E\»/V n
Gra/CNT 0.85 0.75 3.2-3.9
Co-N-Gra/CNT 0.93 0.81 4.0
Fe-N-Gra/CNT 0.98 0.81 4.0
CoFe-N-Gra/CNT 0.96 0.81 4.0

As all three M-N-Gra/CNT materials exhibited high ORR activity, then they all
underwent a short-term stability test by applying 10,000 potential cycles
between 1.0 and 0.6 V at 200 mV s and recording the ORR polarisation curve
before and after the cycling at 960 rpm. For a better assessment of the possible
changes in the material during stability testing, the rotating ring-disc electrode
(RRDE) method was employed herein — in addition to changes within the
polarisation curve, changes in a peroxide yield can be discovered with this
method. The stability test results (Figure 15a—c) indicate that all M-N-Gra/CNT
materials exhibit excellent stability with no changes of the onset and half-wave
potentials after 10,000 potential cycles. The respective yield of hydroperoxide
anion (HO,") formation and the number of electrons transferred per O, molecule
are shown in Figures 15d—f. The yield of HO, increased only by up to 5% after
potential cycling for Fe-N-Gra/CNT and Co-N-Gra/CNT materials at potentials
higher than 0.5 V.

While the Fe-N-Gra/CNT, Co-N-Gra/CNT, and CoFe-N-Gra/CNT catalysts
all exhibited a desirable ORR activity and stability after potential cycling, the
most significant differences came from the yield of HO, and corresponding n
values. Initially, Fe-N-Gra/CNT had the lowest %HO, of 6 to 10%, followed
by CoFe-N-Gra/CNT at 9 to 18%, and lastly Co-N-Gra/CNT with 16 to 25%.
The corresponding n values were 3.8-3.9, 3.5-3.7, and 3.6-3.8 for Fe-N-
Gra/CNT, Co-N-Gra/CNT, and CoFe-N-Gra/CNT, respectively. These results
suggest that the ORR on M-N-Gra/CNT electrocatalysts proceeds most
probably via a 2x2e” pathway, where hydroperoxide anions are formed as an
intermediate and then further reduced to OH . It is also evident that the HO,"
yield depends on the metal additive used — cobalt has the highest yield and iron
the lowest, which was also discussed in subsection 4.3.2.
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Figure 15. (a—c) ORR polarisation curves and (d—f) the percentage yield of HO,
formation and the value of » as a function of potential for (a, d) Fe-N-Gra/CNT, (b, ¢)
Co-N-Gra/CNT, and (c, f) CoFe-N-Gra/CNT catalyst materials in O,-saturated 0.1 M
KOH solution before and after 10,000 potential cycles (=960 rpm, v=10 mV s ).

6.2.3 Anion exchange membrane fuel cell test with
M-N-Gra/CNT catalysts

Since prepared M-N-Gra/CNT materials exhibited excellent electrocatalytic
activity toward the ORR, the single-cell AEMFC tests were conducted (Figure
16) to evaluate their potential as a cathode catalyst in the fuel cell as well as to
see whether the difference in metal additive has an effect on the AEMFC
performance. As can be seen from Figure 16a, the CoFe-N-Gra/CNT material as
the cathode catalyst displayed superior performance among all non-PGM
catalysts tested as well as almost identical performance to the commercially
utilised Pt/C. The CoFe-N-Gra/CNT catalyst reached a current density of 830
mA cm * at 0.6 V, which is only about 10% lower than that of Pt/C. Cathodes
containing Fe-N-Gra/CNT and Co-N-Gra/CNT showcased a satisfactory
performance with current density being ca. 570 mA cm> at 0.6 V, however
mass transfer regions at a higher current density are different for them as Fe-N-
Gra/CNT exhibits a sharp decrease. The AEMFC with CoFe-N-Gra/CNT and
Pt/C cathodes achieved almost equal maximum power densities of 638 and
640 mW cm 2, respectively. With Fe-N-Gra/CNT based cathode the Py, value
was 364 mW cm * and with Co-N-Gra/CNT 447 mW cm 2. Such peak power
density values indicate that the M-N-Gra/CNT materials are rather active
cathode catalysts in the AEMFC (Table 1). When comparing these results to
those described in subsection 6.1, then Co-N-CDC/CNT outperforms Co-N-
Gra/CNT, however, it should be noted that herein [III] lower loading was
employed and the membrane was different (Aemion+ [III], further development
of HMT-PMBI [1, II]). However, the performance of CoFe-N-Gra/CNT material
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indicates that bimetallic composition is beneficial for the ORR as suggested in
subsection 4.3.2.
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Figure 16. (a) Polarisation and (b) power density curves for H,/O, AEMFCs. Cathode
catalyst: M-N-Gra/CNT or Pt/C; anode catalyst: Pt-Ru/C and AEM: Aemion+.
T=70°C.

6.3 Transition metal and nitrogen doped CDC/CNT
composites as catalysts

As in articles [I] and [II] the CDC/CNT composites showed feasible porous
structure, resulting in very good ORR activity and AEMFC performance
(subsection 6.1), then this composite was chosen as carbon support for this
work as well. Similarly as in article [III] described in subsection 6.2, the effect
of different transition metal additives was studied herein as well [IV], so
materials containing iron, cobalt or both were prepared. In this work, the metal
content was lowered to ca. 1 wt% to make catalysts more sustainable. Metal
acetates together with 1,10-phenanthroline as nitrogen source were used as
dopants for the CDC/CNT composites as these precursor materials are known to
form complexes, thus potentially leading to the formation of M-N; species in
the final catalyst materials [77, 78]. The resulting catalysts are Fe-N-CDC/CNT,
Co-N-CDC/CNT and CoFe-N-CDC/CNT [IV].

6.3.1 Physico-chemical characterisation of
M-N-CDC/CNT materials

According to the SEM micrographs shown in Figure 17, the morphology is very
similar to that of the materials characterised in subsection 6.1 with CDC/CNT
composites (Figure 5). Materials have rather homogenous distribution of CNTs
and CDC grains, which vary in size. The CNTs have formed a network between
the microporous CDC grains and thus give the material both meso- and
macropores. Additionally, the CNTs are covering the CDC particles and are
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themselves aligned in different directions, with some of them being bundled or
curled up (Figure 17d-f). As expected, no noticeable differences in the morpho-
logy of the materials prepared using different transition metals can be seen.

A - 400 nm

» P i T
Figure 17. SEM micrographs with lower (a—c) and higher magnification (d—f) for Fe-N-
CDC/CNT (a, d), Co-N-CDC/CNT (b, €) and CoFe-N-CDC/CNT (c, f).

The results of N, physisorption studies of prepared M-N-CDC/CNT materials are
summarised in Table 6. The SSA of all catalyst materials was around
400 m*> g'. All three M-N-CDC/CNT catalyst materials exhibit similar porous
structure with the total pore volume being 0.5-0.6 cm’ g ' and micropore volume
around 0.1 cm’ g, which means that different metal dopants have a similar effect
on the textural properties of the CDC/CNT-based materials. The N, physisorption
results indicate that the M-N-CDC/CNT materials have both micro- and
mesopores present, which could be beneficial in the AEMFC application [170].

Table 6. Specific surface area (SSA), total pore volume (V) and micropore volume
(Viero) for M-N-CDC/CNT samples.

Catalyst material SSA (m’g ") Vi (cm’ g 1) Vo (0’ g 1)

Fe-N-CDC/CNT 404 0.58 0.11

Co-N-CDC/CNT 393 0.53 0.09
CoFe-N-CDC/CNT 399 0.58 0.12
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The elemental composition of the M-N-CDC/CNT materials was studied using
MP-AES and XPS methods. The results are presented in Table 7. According to
MP-AES, the overall metal content (Fe or Co) was in the range of 1.0-1.2 wt%
in all three materials, which is close to the expected value calculated from the
amount of metal acetates added in the synthesis of the catalysts. It should be
noted that the catalyst materials also had some residual metals (not from
doping), which originate from the CNTs’ growing substrates and are located
mainly inside the carbon nanotubes. The XPS results (Table 7) indicate that in
the case of all three samples C, N, O, and Zr, as well as the added respective
metals (Fe, Co, or both), are present on the surface. The nitrogen content was
1.1 at% for Fe-N-CDC/CNT and 1.4 at% for Co-N-CDC/CNT and CoFe-N-
CDC/CNT, indicating that the doping with nitrogen has been successful for all
the prepared catalyst materials.

Table 7. Surface elemental composition of M-N-CDC/CNT materials as determined by
XPS and bulk metal composition as determined by MP-AES.

.. Bulk metal composition
Surface elemental composition (at%) P

Catalyst (Wt%)
C (0] N Zr Fe | Co Fe Co
Fe-N-CDC/CNT | 96.1 | 2.7 1.1 0.1 0.1 - | 0.981+0.008 | 0.049+0.001
Co-N-CDC/CNT | 959 | 2.4 14 | 0.1 - 0.2 | 0.146+0.004 | 1.084+0.012
CoFe-N-CDC/CNT | 95.5 | 2.6 1.4 | 0.1 0.1 | 0.1 0.620+0.017 | 0.608+0.008

To determine the type of N centres, detailed XPS spectra in the N1s region were
deconvoluted into six peaks corresponding to various N species (Figure 18), the
relative concentrations of these are shown in Table 8. In all three samples,
hydrogenated-N (N-H; includes pyrrolic-N and hydrogenated pyridine),
pyridinic-N and metal-coordinated N (M-N,) were the most prominent species.
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Figure 18. N1s high-resolution X-ray photoelectron spectra for (a) Fe-N-CDC/CNT, (b)
Co-N-CDC/CNT and (c) CoFe-N-CDC/CNT samples.
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Table 8. Relative concentration (%) of N species on M-N-CDC/CNT materials by XPS
analysis.

N species Fe-N-CDC/CNT Co-N-CDC/CNT CoFe-N-CDC/CNT
Pyridinic-N 20.0 14.6 27.1
M-N, 25.7 35.0 20.0
N-H 34.3 32.8 314
Graphitic-N 12.4 5.1 114
N-O 2.9 8.0 0.7
Bulk N-H 4.8 4.4 9.3

6.3.2 Oxygen reduction reaction on M-N-CDC/CNT catalysts

In order to give an initial assessment of the prepared catalyst materials’ electro-
catalytic activity towards the ORR, the RRDE method was employed in O,-
saturated 0.1 M KOH aqueous solution at 960 rpm with results shown in Figure
19-20, and Table 9. For all three M-N-CDC/CNT catalyst materials, the shape
of the polarisation curve was similar: a single oxygen reduction wave along
with a clearly defined diffusion-limited current plateau (Figure 19a). The Eqpse
and E;, values of O, reduction were high while showing slight dependence on
the metal additive and increased in order of Co-N-CDC/CNT, CoFe-N-
CDC/CNT and Fe-N-CDC/CNT (Table 9). As reference catalysts, both undoped
CDC/CNT materials and commercial Pt/C were also tested. It is clear that
doping with nitrogen and transition metals is useful, since the CDC/CNT
composite exhibits two O, reduction waves and lower E,ns¢ of 0.80 V. The
commercial Pt/C catalyst (loading of 0.08 mgp, cm ), showed slightly better
ORR performance with the E. and E;, values being 1.00 and 0.89 V,
respectively.
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Figure 19. RRDE results for the ORR in O,-saturated 0.1 M KOH solution on
CDC/CNT, M-N-CDC/CNT, and Pt/C catalysts. (a) disc current densities and (b) ring
currents. ©=960 rpm, v=10 mV s .
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These results show that the catalyst of low cobalt content, Co-N-CDC/CNT, has
the lowest electrocatalytic activity and the addition of iron (CoFe-N-CDC/CNT)
improves the onset potential. The Fe-N-CDC/CNT material itself showed the
best performance in terms of both Egy and £/ ;.

To study the ORR pathway, the respective ring currents were also collected
(Figure 19b). The yield of HO, formation and # as a function of potential are
presented in Figure 20 and Table 9. The results show that the undoped
CDC/CNT material has the highest peroxide formation, which reaches 90% at
higher potentials and decreases to 40% at lower potentials. The commercial
Pt/C catalyst has the lowest HO, yield of around 2%, which suggests a 4e”
ORR pathway to occur. In case of M-N-CDC/CNT materials, as expected, the
cobalt-based material (Co-N-CDC/CNT) produced the highest amount of HO,™
(20-30%), which further confirms that indeed cobalt facilitates peroxide
production [86]. The RRDE results also show that the aim of reducing the
peroxide production of cobalt-based materials by making bimetallic catalysts
has been successful with the HO, yield being 15-20% in case of CoFe-N-
CDC/CNT. The Fe-N-CDC/CNT catalyst showed the smallest peroxide
formation (around 10%). The »n values were around 3.5, 3.7, and 3.9 for Co-N-
CDC/CNT, CoFe-N-CDC/CNT, and Fe-N-CDC/CNT, respectively. These
results indicate that the electroreduction of O, on M-N-CDC/CNT -catalyst
materials proceeds mostly via a 2x2e” pathway, where peroxide forms as an
intermediate, which is then further reduced to OH™ [173].

(a) 100»I T T T T T T T T I_ (b) T T T T T T T T T
4 EEEEEEREN
CDCICNT ..||=........-lll:
B FeN-CDC/ICNT l--.."'.--.---l"
go| ™ Co-N-CDCICNT | EEsipEgEemmnnsnm
® CoFe-N-CDG/CNT 3l
m PUC
=
e 6ok
: S
O« 2L
T a0r CDGICNT
LI B Fe-N-CDC/CNT
..-l":...... = 1F  m Co-N-GDCIONT
20-m W .-.l. LI m  CoFe-N-CDC/CNT
il sageumgnn,, " m PYC
un
ol "spespumnmnlon] or
02 -01 0.0 01 02 03 04 05 06 0.7 0.2 -01 0.0 01 02 03 04 05 06 0.7
Evs RHE/V Evs RHE/V

Figure 20. (a) The yield of HO, formation and (b) the value of n as a function of
potential for oxygen reduction on CDC/CNT, M-N-CDC/CNT, and Pt/C catalysts in O,-
saturated 0.1 M KOH solution. Data derived from Fig. 19.

Table 9. The ORR parameters determined from RRDE results for M-N-CDC/CNT
(loading 0.4 mg cm ) electrocatalyst materials in 0.1 M KOH solution.

Catalyst Eonset/V El/z/V %HO[ n
CDC/CNT 0.80 n.d. 37-94 2.1-3.2
Fe-N-CDC/CNT 0.99 0.86 2-15 3.84.0
Co-N-CDC/CNT 0.93 0.82 20-32 34-3.6
CoFe-N-CDC/CNT 0.96 0.83 1324 3.5-3.7
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Short-term stability tests were conducted with all M-N-CDC/CNT catalysts by
applying 10,000 potential cycles in O,-saturated 0.1 M KOH solution. The
results are shown in Figure 21. For all the three electrocatalysts, the ORR
polarisation curves remain similar after potential cycling, suggesting that the
catalysts are highly stable in the alkaline medium. The Co-N-CDC/CNT
catalyst had the largest shifts with AFE,sq and AE), being 18 and 12 mV,
respectively. Fe-N-CDC/CNT and CoFe-N-CDC/CNT, however, showed
excellent stability with very small AE st (2 mV and 6 mV) and AE, (6 mV
and 8 mV) values.
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Figure 21. RDE voltammetry curves for ORR on (a) Fe-N-CDC/CNT, (b) Co-N-
CDC/CNT, and (c¢) CoFe-N-CDC/CNT catalyst materials in O,-saturated 0.1 M KOH
solution before and after 10,000 potential cycles (=960 rpm, v=10 mV s ).

6.3.3 Anion exchange membrane fuel cell test with M-N-
CDC/CNT catalysts

As the M-N-CDC/CNT materials showed excellent electrocatalytic activity
towards the ORR, then all three were employed as cathode catalysts in the
AEMFC together with ETFE anion exchange membrane. The Hy/O, AEMFC
polarisation curves are shown in Figure 22a. It can be clearly seen that the high
catalytic activity of CoFe-N-CDC/CNT transferred to very good AEMFC per-
formances. Under the same conditions, at a cell temperature of 60 °C, the
AEMFC with CoFe-N-CDC/CNT cathode reached a peak power density of
1.12 W cm ™ and a current density of 0.47 A cm > at 0.75 V. Despite the RRDE
results showing that the Fe-N-CDC/CNT catalyst had the highest ORR activity,
it is known from the literature that RRDE results are not always an accurate
predictor of fuel cell results, mainly due to the differences in current densities
the RRDE and fuel cells are operated, as well as the mass-transfer-related
limitations of fuel cells, which are avoided in the RRDE ideal tests [174]. To
our knowledge, these values for the CoFe-N-CDC/CNT cathode AEMFC are
among the highest reported in the literature for precious metal-free cathode
catalysts (Table 1). For comparison, a MEA based on 40 wt% Pt/C cathode
catalyst (loading: 0.70 mgp, cm °) tested under similar conditions is included.
Each of the precious metal-free cathode catalyst shows impressive AEMFC per-
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formance with the Co-N-CDC/CNT and CoFe-N-CDC/CNT catalysts even
approaching that of the MEA using Pt/C (Ppa=1365 mW cm?). After acquiring
the polarisation curves, the current density was held constant at 0.6 A cm > for
20 h to evaluate the voltage stability under the same conditions used to acquire
the polarisation curve. To the best of our knowledge, the longevity data for the
CoFe-N-CDC/CNT in Figure 22b exhibits one of the most stable precious
metal-free cathode catalyst data for AEMFCs to date, with a peak-to-peak loss
of 0.03 V after 20 h (1.5 mV h™"). Bearing in mind that the current focus of
PGM-free ORR catalysts is to replace PGM catalysts, this stability is
encouraging and a step in the direction of ultimately achieving significantly
lower voltage degradation rates comparable to PGM-catalysed AEMFCs such
as 32 uV h™' and 15 pV h™', achieved by Peng et al. [175] and Hassan et al.
[176], respectively.

Given the good performance of the CoFe-N-CDC/CNT with H,/O,, fol-
lowing the 20 h of longevity, the cathode oxidant was switched to CO,-free air,
and additional polarisation curves were captured. As shown in Figure 23a, the
CoFe-N-CDC/CNT cell continued to perform well, reaching a Py, value of
0.80 W cm ™. A similar current density holds at 0.6 A cm™ for an additional
20 h was performed under H,-air for the CoFe-N-CDC/CNT cell, as shown in
Figure 23b. The performance after 20 h was still relatively high, with a peak-to-
peak loss of 0.06 V (3 mV h™).

.
(a) 1.0 (b) 1, "Jos €
{1200 o 4
c c
> 0Br » {1000 ; - 08F {04 E,
° oo E O == i 5
g osf 1 3 o 6| oz 4
k] i
s 2 = frd
o 1s00 ‘@ Q e
] > =
= 0.4l 5 Z o4l Jo2 o
o ] &=
o ——rencpoioNT %0 o O ‘©
02| —=— Co-N-CDC/CNT g oz — Jo1 8
—=—CoFe-N-COC/CNT {200 B —r————————— e &
—= PG e 3

ool 0 00t 00 %

¢ . . . . ‘
0 300 600 900 1200 1500 1800 2100 0 5 0 15 20
j!mA cm® Time / h

Figure 22. (a) Polarisation and power density curves using various cathode catalysts
shown in the legend and (b) CoFe-N-CDC/CNT AEMFC in-situ stability operation at a
constant current density of 0.6 A cm 2. T=60 °C; H,/O, flows 1 L min" and 100 kPa
back-pressurisation on both anode and cathode.
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Figure 23. (a) Polarisation and power density curves and (b) in-situ stability operation

at a constant current density load of 0.6 A cm > using CoFe-N-CDC/CNT as cathode
catalyst. The cathode oxidant is CO,-free air; the rest is same as in Figure 22.

6.4 Transition metal and nitrogen doped mesoporous
carbons as catalysts

Based on the literature and from the results described in subsections 6.1 to 6.3 it
seems that the presence of mesopores seems to be beneficial in the AEMFC
application [99, 101, 170]. So herein [V] a commercially available material
from Pajarito Powder based on mesoporous carbon (MPC) was chosen as a sup-
port. Doping of this MPC was done in the same way as for the materials
described in subsection 6.3 by using transition metal acetates and 1,10-phenan-
throline as precursors [IV]. In addition to using cobalt and iron, manganese was
introduced as it could be beneficial as discussed in subsection 4.3.2. A total of
five M-N-C catalysts were prepared, tested and compared, which are Fe-N-
MPC, Co-N-MPC, CoFe-N-MPC, FeMn-N-MPC, and CoMn-N-MPC.

6.4.1 Physico-chemical characterisation of M-N-MPC materials

SEM micrographs of starting MPC as well as doped material are shown in
Figure 24. The MPC support material (Figure 24a—c) has a rather homogeneous
morphology with high roughness and highly porous nature. After doping the
material using different metal compositions (Figure 24d—f, [V]), no noticeable
differences can be seen from SEM images as the M-N-MPC materials were also
mostly homogeneous and had a high roughness at different scales. From the
lower magnification images, some larger particles with smoother surface were
visible in case of all samples. These results show that doping with metals using
high-temperature pyrolysis has not changed the carbon morphology much,
suggesting that the feasible structure of starting engineered catalyst support is
still present.
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Figure 24. SEM micrographs for MPC (a—c), and FeMn-N-MPC material (d—f).

The morphology of three iron-based materials was further studied using STEM
technique with bright field (BF) and high-angle annular dark field (HAADF)
images together with EDX mapping (Figure 25, [V]). From the STEM images it
is visible that the materials are indeed highly porous and rather homogeneous.
Some graphitic carbon structures comprising of approximately 3—4 graphene-
like layers can be seen in Figure 25c.

Figure 25. (a, d) HAADF-STEM images, (b—c) BF-STEM images, (¢) EDX mapping
(HAADF-EDX) for iron and manganese and (f) EDX map of nitrogen of FeMn-N-MPC.
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The EDX mapping (Figures 25e,f) shows that the nitrogen and corresponding
metals are uniformly distributed in the catalyst materials and no large particles
are visible, which suggests that metals can be atomically dispersed in the M-N-
MPC materials. This is also supported by the higher magnification HAADF-
STEM images of FeMn-N-MPC (Figure 26) where well-distributed brighter
spots correspond to transition metal atoms.

Figure 26. (a, b) HAADF-STEM images of FeMn-N-MPC with some of the discerned
metal atoms showcased inside the rings.

The results of N, physisorption studies conducted are summarised in Table 10
and Figure 27a. The SSA of starting MPC material was 814 m® g and de-
creased to around 500 to 600 m*> g ' in M-N-MPC catalyst materials, meaning
that during the doping process some of the existing pores were blocked.
Similarly, the total pore volume decreased from 1.51 cm’g ' in MPC to
1.22-1.35 cm’ g in M-N-MPC samples. There are two distinct maxima in all
pore-size distribution graphs (Figure 27a) corresponding to the smaller and
larger mesopores in the diameter range of 7—8 nm and 25—35 nm, respectively.
This means the prepared catalysts herein have a bimodal mesoporous structure
that can be useful in AEMFC performance [170].

Table 10. Specific surface area (SSA) and total pore volume (V) for MPC and M-N-
MPC samples.

MPC Fe-N- Co-N- | CoFe-N- | FeMn- CoMn-

MPC MPC MPC | N-MPC | N-MPC
SSA (m°gh 814 584 535 571 583 613
Vit (cm® g 1) 1.51 133 1.24 1.22 1.24 135
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The first-order Raman spectra of the MPC and M-N-MPC catalyst materials are
presented in Figure 27b. The Raman spectra of all the materials are very similar
and characteristic to that of carbon materials. The ratio of the integrated areas of
D1 and G peaks, Ip/lg, was 1.34 for MPC and increased to 1.43 in all other
samples. The widths of D1 and G bands, which increase with the degree of
disorder in the graphitic lattice [172], were more or less the same in all samples
being 130 and 81 cm ', respectively. High Ip,/I; values as well as wide D1 and
G bands indicate that there is a significant level of disorder together with
defects present in the prepared catalyst materials.
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Figure 27. (a) Pore size distributions and (b) Raman spectra for MPC and M-N-MPC
materials.

According to the XPS spectra (Figure 28), in case of all five samples C, N, O as
well as the added respective metals (Fe, Co, Mn or two of them) are present on
the surface of the catalyst materials. The overall surface nitrogen content was
almost the same in all M-N-MPC materials and ranged from 2.2 to 2.4 at%. For
determination of the type of N species present in the prepared catalysts, the N1s
region of the detailed XPS spectra was deconvoluted into seven peaks with
the results shown in Figure 28b and Table 11. Pyridinic-N, pyrrolic-N and
graphitic-N were present in the highest amounts, but there was also a noticeable
concentration of metal-coordinated nitrogen species (M-Ny). This coexistence
of different moieties, which is common in materials synthesised using high-
temperature pyrolysis, could be beneficial, as each of them is responsible for
certain steps in the ORR, as discussed in subsection 4.3.
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Figure 28. (a) XPS survey spectra for M-N-MPC materials. (b) N1s high resolution
XPS spectra for FeMn-N-MPC.

Table 11. Relative concentration (%) of N species on M-N-MPC materials by XPS

analysis.
. FeMn-N- CoMn-N-
N species Fe-N-MPC | Co-N-MPC |CoFe-N-MPC MPC MPC
Pyridinic-N 16.5 17.5 15.6 16.9 17.0
M-N, 7.8 11.5 12.2 9.1 9.2
Pyrrolic-N 22.2 23.8 22.8 22.1 24.9
Graphitic-N 30.0 29.4 29.1 29.9 28.6
N-O 10.4 5.5 7.6 8.2 8.8
Bulk N-H 10.0 10.2 10.6 10.4 9.2
Imine 3.1 2.1 2.1 34 2.3

As per MP-AES results in Table 12, the bulk transition metal content is close to
1 wt% in all M-N-MPC materials, and in bimetallic materials, both added tran-
sition metals constitute to around the half of the overall metal content, which
together with similar N-contents in the XPS suggest that doping has been suc-
cessful with all transition metal compositions.

Table 12. Bulk transition metal composition (wt%) of M-N-MPC materials determined

by MP-AES.
CoFe-N- FeMn-N- CoMn-N-
Fe-N-MPC | Co-N-MPC MPC MPC MPC
Fe 0.821+0.004 - 0.656+0.010 | 0.663+0.009 -
Co - 1.098+0.011 | 0.497+0.003 - 0.519+0.002
Mn - - - 0.583+0.003 | 0.538+0.004
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6.4.2 Oxygen reduction reaction on M-N-MPC catalysts

The initial assessment of the prepared catalyst materials’ activity towards the
ORR was done using the RRDE method in O,-saturated 0.1 M KOH aqueous
solution at 960 rpm. The obtained disc current densities and ring currents are
shown in Figure 29 with the results compiled as well in Table 13. The starting
MPC material had the lowest ORR performance with the onset potential for O,
reduction being 0.90 V, the half-wave potential being 0.80 V, and the lowest
diffusion-limited current value. All five prepared catalyst materials showed
better performance than the pristine MPC. Among them, the Co-N-MPC and
CoMn-N-MPC catalysts had somewhat inferior performance while exhibiting
E\, of 0.84 V. On the other hand, the materials containing iron, namely Fe-N-
MPC, CoFe-N-MPC, and FeMn-N-MPC all showed impressive ORR activity
similar to that of the commercial Pt/C (20 wt%) with Ey and £, of around
1.0 and 0.9 V, respectively.
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Figure 29. RRDE results for the ORR in O,-saturated 0.1 M KOH solution on MPC, M-
N-MPC, and Pt/C catalysts. (a) disc current densities, (b) ring currents. ©=960 rpm,
v=10mV s

To obtain more information on the ORR pathway, the respective ring currents
were also collected (Figure 29b), and by using the data given in Figure 29, the
yield of HO, formation and the number of electrons transferred were calculated
with results presented in Table 13. Some of the same tendencies that were
visible from the ORR polarisation curves are applicable herein: the MPC had
the poorest performance by having the HO, formation of around 40% in a wide
range of potentials, followed by Co-N-MPC and CoMn-N-MPC with 21 to
36%. While the remaining three catalysts showed almost identical values of
Eonser and Eyp, the CoFe-N-MPC material had higher yield of hydroperoxide
anions (11 to 21%) than Fe-N-MPC and FeMn-N-MPC, which both had
low %HO, of 1 to 12%. The latter two were also closest to the Pt/C in that
sense and the n value was close to four for these catalysts, being less than four
for other materials.
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Table 13. The ORR parameters determined from RRDE results for MPC and M-N-
MPC (loading 0.4 mg cm ) electrocatalyst materials in 0.1 M KOH solution.

Catalyst Eonset/V E1 /2/V %HO[ n

MPC 0.90 0.80 2446 3.0-3.5
Fe-N-MPC 0.99 0.89 1-12 3.84.0
Co-N-MPC 0.92 0.84 21-30 34-3.6
CoFe-N-MPC 1.00 0.90 11-21 3.5-3.7
FeMn-N-MPC 0.98 0.89 1-12 3.84.0
CoMn-N-MPC 0.94 0.84 28-36 3.3-35
Pt/C (20 wt%) 1.00 0.90 0-8 3.94.0

The short-term stability test was done with three best-performing catalyst mate-
rials and involved potential cycling for 10,000 times with the ORR polarisation
curves as well as respective ring currents in RRDE were recorded before and after
(Figure 30). In case of all three materials, namely Fe-N-MPC, CoFe-N-MPC, and
FeMn-N-MPC, the electrocatalytic activity remained virtually the same as no
significant differences can be seen between the initial ORR polarisation curve and
the one obtained after 10,000 potential cycles. Both the Fe-N-MPC and FeMn-N-
MPC catalysts had a negative shift of 6 mV in terms of half-wave potential, while
CoFe-N-MPC had AE, of 8 mV. Additionally, the yield of HO, can also be
compared before and after short-term stability test (Figure 30d-f). A slight
increase in the HO, yield was observed with Fe-N-MPC and CoFe-N-MPC
catalysts while for the FeMn-N-MPC material it remained practically the same.
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Figure 30. (a—c) ORR polarisation curves and (d—f) the percentage yield of HO,
formation and the value of n as a function of potential for (a, d) Fe-N-MPC, (b, ¢)
CoFe-N-MPC and (c, f) FeMn-N-MPC catalyst materials in O,-saturated 0.1 M KOH
solution before and after 10,000 potential cycles (=960 rpm, v=10 mV s ™).
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6.4.3 Anion exchange membrane fuel cell test with
M-N-MPC catalysts

An aspect to consider in the AEMFC application viewpoint is the formation of
HO,  during the ORR, since it can poison the metal-containing active sites as
well as lowers the fuel cell’s efficiency and power [88]. The results obtained
herein indeed proved that cobalt-based catalyst materials facilitate peroxide pro-
duction, whilst iron-based ones show significantly lower HO, yields (also in
combination with manganese) [86]. Due to this reason, the Fe-N-MPC and
FeMn-N-MPC materials were chosen to be employed as cathode catalysts in
AEMFC together with HMT-PMBI AEM. The AEMFC testing results are
shown in Figure 31. For comparison, commercial Pt/C (46 wt%) catalyst was
also used on the cathode side. Similarly to the RRDE results, both Fe-N-MPC
and FeMn-N-MPC showed almost identical behaviour and impressive perfor-
mance as the obtained peak power densities were 473 and 474 mW cm 2, and
current densities at 0.75 V were 391 and 372 mA cm >, respectively. Both of
these performances were superior to the MEA applying Pt/C cathode catalyst
and tested under same conditions.
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Figure 31. Polarisation and power density curves for H,/O, AEMFCs. Cathode catalyst:
Fe-N-MPC, FeMn-N-MPC or Pt/C; anode catalyst: PtRu/C and AEM: HMT-PMBI.
T=60 °C.

In comparison to the performances of AEMFC employing the HMT-PMBI
membrane (Table 1), the results obtained in this study are very good. Such
AEMFC performance with Fe-N-MPC and FeMn-N-MPC cathode catalysts
could be due to the combination of mesoporous structure and presence of ORR-
active sites, including the Fe-N, moieties. The mesoporous nature (pore dia-
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meters of 7-8 nm and 25-35 nm) of these catalysts is beneficial for the transport
of reactants, making the embedded active sites accessible during the AEMFC
operation. Such larger pores, especially those in range of 25-35 nm, are less
likely to be blocked by ionomer or liquid water, thus mesopores are responsible
for the mass-transport of reactants and products through the catalyst layer [101,
177, 178]. As active sites, the Fe-N-MPC and FeMn-N-MPC materials both
contain a mixture of different nitrogen moieties according to XPS, whose co-
existence seems to be useful indeed. These iron-containing materials also have
Fe-N; active sites as XPS showed the presence of M-N; moieties in both mate-
rials and no large metal agglomerates being visible from STEM studies, thus
suggesting that transition metals might be atomically dispersed.

6.5 Cobalt-, iron- and nitrogen-doped ordered
mesoporous carbon-based catalysts

As mesoporous carbon-based catalysts described in subsection 6.4 showed very
good performance both in half-cell tests as well as in the AEMFC, then the
work was continued on such carbons. Herein, ordered mesoporous carbon
(OMC) was synthesised via rather environmentally friendly and simple soft-
templating approach (details in subsection 5.1) [VI]. To assess the effect of
porous structure, composites of OMC/CDC and OMC/CNT were also employed
as support materials. Doping was done similarly to the materials described in
subsections 6.3 and 6.4 with 1,10-phenanthroline, iron- and cobalt acetate as
precursors, resulting in three bimetallic catalysts: CoFe-N-OMC, CoFe-N-
OMC/CDC and CoFe-N-OMC/CNT.

6.5.1 Physico-chemical characterisation of OMC-based materials

The results of N, physisorption studies together with textural properties of the
OMC and M-N-C catalysts are given in Figure 32 and Table 14. According to
this, the synthesised OMC material has pores predominantly with diameter of
ca 7 nm and a rather high SSA of 714 m* g”', thus meaning that the preparation
of mesoporous carbon has been a success.

The shape of the N, physisorption isotherm on OMC-based materials cor-
responds to a combination of type I and III with H2 hysteresis according to
IUPAC [171], which is characteristic of micro-mesoporous materials with a
small proportion of micropores. H2 hysteresis also refers to the presence of
complexly structured pores in ordered mesoporous materials. The N,
adsorption-desorption isotherm of CoFe-N-OMC/CNT sample also exhibits H3
hysteresis, indicating the presence of larger pores in the material. From the
results (Figure 32, Table 14) it is evident that the doping has changed the
textural properties of OMC material, as the SSA of CoFe-N-OMC is lower at
486 m>g ' and that almost all the micropores present in OMC have been
replaced with smaller mesopores (width ca. 2-3 nm), suggesting pore widening
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during the process. Whilst comparing the three carbon supports used, namely
OMC, OMC/CDC and OMC/CNT, then the CoFe-N-OMC/CNT has the lowest
SSA. From the three catalyst materials, the CoFe-N-OMC sample has the
highest total pore volume, which is almost identical to that of non-doped
OMC’s. While the doped OMC material is almost entirely mesoporous, the
addition of CDC causes a significant increase of micropores and SSAicro 1S
taking up slightly more than SSA.s,.. The OMC/CNT composite possesses ca
30% of SSA corresponding to micropores and 70% to mesopores. From the
pore size distributions (Figure 32b) it is clear that all catalyst materials exhibit
average pores with width of 7 nm, originating from the OMC. In case of CoFe-N-
OMC/CDC there are more pores in less than 2 nm range and in CoFe-N-
OMC/CNT there are also larger mesopores present with width in the range of 15—
40 nm. This confirms that indeed three CoFe-N-C materials with varying porous
structure have been prepared: CoFe-N-OMC with narrow distribution of
mesopores, CoFe-N-OMC/CDC combining meso- and micropores, and CoFe-N-
OMC/CNT combining smaller (ca. 7 nm) and larger (ca. 15—40 nm) mesopores.
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Figure 32. (a) N, adsorption-desorption isotherms and (b) pore size distributions for
OMC and CoFe-N-C materials.

Table 14. Textural properties of OMC and CoFe-N-C materials: specific surface area
(SSA), micro- and mesoporous SSA (SSApicro, SSAmeso), total pore volume (Vi) and
micro-pore volume (¥picro).

Catalyst SPAL | Pfmigo | BShmee | P | Vo,
(m’g ) | mg) | (mg) | (cmg) [(cmg)
OMC 714 413 301 0.77 0.12
CoFe-N-OMC 414 32 382 0.78 0.02
CoFe-N-OMC/CDC | _ 438 250 188 0.48 0.10
CoFe-N-OMC/CNT | _ 312 88 224 0.64 0.02
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The OMC material (Figure 33a—c) has quite homogeneous morphology with
high roughness and uniform pore size. The size of OMC particles is around 1
um, however, both smaller and larger particles are visible. After doping (Figure
33d) no noticeable differences in the morphology can be seen as CoFe-N-OMC
exhibits the same properties as OMC. In the CoFe-N-OMC/CDC material
(Figure 33e), both CDC and OMC particles are in the same size range and well
mixed together. The CNTs and OMC are also well dispersed in the CoFe-N-
OMC/CNT material with the CNTs forming a continuous network surrounding
and covering the OMC particles (Figure 33f). While the OMC material seems to
keep its textural properties during doping, then the three prepared M-N-C
materials exhibit very different morphologies according to SEM images, which
is interesting to study in the AEMFC application.

Figure 33. (a—c) SEM micrographs of OMC material at various magnifications. (d—f)
SEM micrographs at same magnification for (d) CoFe-N-OMC, (e) CoFe-N-OMC/CDC
and (f) CoFe-N-OMC/CNT catalysts.

Low-magnification bright-field (BF) STEM image of the CoFe-N-OMC cata-
lyst (Figure 34a) shows that this material has a well-ordered porous structure.
The size of the visible pores is rather uniform and agrees well with the results of
N, physisorption analysis. At higher magnification, the formation of graphitic
carbon layers is also visible that indicates some degree of graphitization, which
is beneficial for electrical conductivity and corrosion resistance of the catalyst
material. High-angle annular dark field imaging was used to see the distribution
of the doping metals inside the OMC catalyst. The bright spots visible in the
Figure 34c¢ correspond to individual metal atoms, indicating ultrafine dispersion
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of the Co and Fe in the catalyst material. The STEM-EDX mapping (Figure
34d-g) also reveals a noticeable increase in Co and Fe signal in the OMC
region, indicating the presence of these metals in the catalyst. According to the
EDX maps, both metals and nitrogen are uniformly distributed in the CoFe-N-
OMC material.

HAADF

Figure 34. (a, b) BF-STEM images of the as-prepared CoFe-N-OMC catalyst material;
(c) HAADF-STEM images of CoFe-N-OMC with red rings encircling some of the
single metal atoms inside the catalyst. (d) Lower magnification HAADF-STEM image
and the corresponding EDX maps of (e) cobalt, (f) iron, and (g) nitrogen.

The Raman spectra of OMC-based materials shown in Figure 35a exhibit
broadened graphitic carbon (G, ~1590 cm') and disordered carbon (DI,
~1350 cm") peaks, which are characteristic to carbon materials. To assess the
degree of structural disordering in the prepared OMC and catalyst materials, the
full width at half-maximum of the D1 and G-bands as well as Ip,/I; ratio were
determined [VI] and according to that the structural disorder increases slightly
in the sequence of CoFe-N-OMC/CNT, CoFe-N-OMC/CDC, OMC, CoFe-N-
OMC. This indicates that the prepared OMC has quite defect rich nature and
doping did not change that much, however, by making a composite with CNTs,
a catalyst with less disorder is obtained, likely due to the CNTs covering the
OMC particles as was evident from SEM images (Figure 33f).

According to MP-AES, all three M-N-C materials contain around 0.5 wt% of
iron and ca. 0.5 wt% of cobalt. The nitrogen content was ca. 4 wt% in doped
materials as per SEM-EDX analysis. This suggests that doping has worked
similarly and successfully with different carbon substrates employed.
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The XPS survey spectra for the OMC and M-N-C materials are shown in
Figure 35b. The spectrum of OMC sample has peaks corresponding to oxygen
and carbon present, while in M-N-C materials the N1s peak appears at around
400 eV. From the deconvolution of this N1s peak (example in Figure 35c) it is
evident that in all three catalyst materials pyridinic-N and pyrrolic-N are most
prominent nitrogen types (relative content 24 to 35%), followed by M-N, (13 to
20% and, around 10% of graphitic nitrogen. These results indicate that doping
indeed has been rather similar with all carbon substrates and that all these M-N-
C catalysts contain a mix of different active sites.

(a) — o D (b) [ —ouc (© Imines
[ colenomc G - T CoFeNOMC —— Pyrdinic-N Lf\
—— GoFa N OMGICDG [ GoFe N OMGDL, ¢ —, I
—— CaFa-N-OMCICNT | —— GoreNOWGIONT 1s N j
5 | ‘ 5 a ol
e I st Ll i /’f,‘
> W P = otk /
E I v Bk B | —Measuind
/i ¥ i o= NN
£ ! E - OKLL) ©1s Nis E[ f
= = /M
[ j_.vaa& \

800 1000 1200 1400 1600 1800 2000 1000 900 800 700 600 S00 400 300 200 100 408 406 404 402 400 338 396
Raman shift / cm™ Binding energy f eV Binding energy / eV

Figure 35. (a) Raman and (b) XPS survey spectra of OMC, CoFe-N-OMC, CoFe-N-
OMC/CDC and CoFe-N-OMC/CNT materials. (c) N1s high-resolution XPS spectra for
CoFe-N-OMC sample.

6.5.2 Oxygen reduction reaction on OMC-based catalysts

The ORR activity of OMC-based materials was assessed using the RDE method
with the polarisation curves at 1900 rpm in 0.1 M KOH solution shown in
Figure 36. As expected, the OMC material showed the lowest ORR electro-
catalytic activity with the onset potential of O, reduction being 0.82 V, while
the polarisation curve exhibits two reduction waves. A significant improvement
of electrocatalytic activity was observed with Co, Fe and N-doped materials and
all three have polarisation curves with a single reduction wave, suggesting a
four-electron reduction of oxygen. The overall ORR activity of CoFe-N-OMC,
CoFe-N-OMC/CDC and CoFe-N-OMC/CNT materials was almost identical as
all of them had onset potential of 1.0 V and half-wave potential of 0.84 V. For
comparison, slightly higher values (Eone=1.01 V and FE;»,=0.87 V) were
observed for commercial Pt/C catalyst.

Additionally, for all CoFeN-C materials, the intercept of K-L lines is close to
zero at E£<0.7 V and the number of electrons transferred was close to 4 [VI],
which means that the ORR proceeds either via 4¢ or 2-step 2¢ pathway.
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Figure 36. RDE voltammetry curves for ORR on OMC-based catalysts in O,-saturated
0.1 M KOH solution («=1900 rpm, v=10 mV s ).

As all three CoFe-N-C materials showed high and identical ORR activity, then
all these were subjected to the short-time stability tests with the results pre-
sented in Figure 37. For all the three electrocatalysts, the shape of the ORR
polarisation curve remains the same, suggesting that the catalysts are highly
stable in the alkaline medium. After 10,000 potential cycles, the half-wave
potential shifted by 16, 18 and 14 mV in case of CoFe-N-OMC, CoFe-N-
OMC/CDC and CoFe-N-OMC/CNT, respectively.
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Figure 37. RDE voltammetry curves for ORR on (a) CoFe-N-OMC, (b) CoFe-N-
OMC/CDC and (c) CoFe-N-OMC/CNT catalyst in O,-saturated 0.1 M KOH solution
before and after 10,000 potential cycles (w=1900 rpm, v=10 mV s ™).

6.5.3 Anion exchange membrane fuel cell test with
OMC-based catalysts

The AEMFC testing was performed using CoFe-N-OMC, CoFe-N-OMC/CDC,
or CoFe-N-OMC/CNT as cathode catalyst with AEMION+ (10 pum) anion
exchange membrane and PtRu/C as anode catalyst (Figure 38). In the higher
current density regions of ohmic loss and mass transport loss (>400 mA cm2),
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the influence of different carbon composite supports in the CoFe-N-C catalysts
seems to play a significant role on the AEMFC performance. The CoFe-N-
OMC and CoFe-N-OMC/CDC cathodes show a rather similar behaviour with
Prax of 254 and 268 mW cm ?, respectively. However, the incorporation of
CNTs with OMC in the carbon support seems to be considerably more advanta-
geous as higher P value of 336 mW cm = at 900 mA cm * was reached, which
indicates that the porous structure of materials is important in the AEMFC
application and that the presence of larger mesopores (15 to 40 nm herein) is
beneficial.
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Figure 38. Power density and polarisation curves for H,/O, single-cell AEMFC with
the AEMION+ (10 pm) anion exchange membrane, CoFe-N-C as a cathode catalyst
(loading 1 mgem™?) and PtRw/C as the anode catalyst (loading 0.4 mgpg,cm 2).
T=65 °C.

The AEMFC results described in this subsection are inferior to those shown in
previous subsections, however, it should be noted that herein [VI] the catalyst
loadings on anode and cathode were significantly reduced to have lower PGM
loading and thinner cathode layer to be compatible with the specific AEM.
Additionally, the differences in the AEMs and operating conditions, which are
optimised to specific catalysts, make the comparison of AEMFC performances
with the literature (e.g. Table 1) as well as within this doctoral thesis rather
difficult. Considering these aspects, the self-made OMC material could still be a
suitable support for M-N-C cathode catalysts for the AEMFCs.
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7. SUMMARY

The aim of this doctoral thesis was to prepare nanocarbon-based non-precious
metal catalysts for electrochemical oxygen reduction reaction (ORR) and test
their applicability in the anion exchange membrane fuel cell (AEMFC). The
transition metal and nitrogen doped catalysts were prepared by high-tempera-
ture pyrolysis, using various nitrogen precursors and transition metal sources as
well as different nanocarbon supports. The preliminary evaluation of the pre-
pared electrocatalysts was carried out in alkaline medium by rotating disc
electrode (RDE) and rotating ring-disc electrode (RRDE) methods, to study the
effect of the support materials and precursors on the electrocatalytic perfor-
mance of the resulting catalysts. The better-performing catalysts were employed
on the cathode in the single-cell AEMFC. The catalyst materials were tho-
roughly characterised via several physico-chemical methods.

In the first part of the thesis, a composite of carbide-derived carbon (CDC)
and carbon nanotubes (CNTs) was doped with either just nitrogen [I] or nitro-
gen and cobalt [II]. Dicyandiamide, cyanamide, urea and melamine were used
as nitrogen sources. The prepared CDC/CNT-based materials have high specific
surface area with the presence of both micro- and mesopores. All nitrogen
precursors were proven to be suitable for doping via pyrolysis, as the nitrogen
moieties present in the catalysts were rather similar according to the X-ray
photoelectron spectroscopy (XPS) results. This also resulted in comparable
ORR performance. While metal-free N-doped CDC/CNT catalysts showed
quite high ORR activity, then a noticeable improvement was obtained when
cobalt was also incorporated into the catalyst materials, suggesting that transi-
tion metal coordinated to nitrogen (M-Ny) species are needed as active sites for
the ORR to reach the electrocatalytic activity of Pt/C. The need for transition
metal incorporation was also evident from the AEMFC results, as almost twice
higher peak power density (Py.x) Was obtained with Co-N-CDC/CNT material
than with N-CDC/CNT used as a cathode catalyst.

In the second part, a composite of graphene-like material (Gra) and CNTs
was utilised as a carbon support. Melamine was chosen as N source and three
transition metal additives, namely iron, cobalt, or both of them, were used and
compared. The Gra/CNT composite offered similar textural properties as CDC/
CNT, which was not influenced much by varying metal additives. In the RRDE
experiment all three catalysts showed rather similar ORR activity, which was
comparable to that of Pt/C. However, the HO, yield depended on the metal
additive, with Co-N-Gra/CNT producing the most, Fe-N-Gra/CNT the least and
bimetallic CoFe-N-Gra/CNT intermediate amounts of peroxide. In the AEMFC
conditions they also performed differently, with CoFe-N-Gra/CNT showing the
superior performance, virtually the same with Pt/C tested under the same con-
ditions, which suggests that synergistic effects in bimetallic materials are
beneficial.

In the third part, the CDC/CNT composite was used again, but this time
1,10-phenanthroline was the N source, which was combined with transition
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metal (Co, Fe or both) acetates, with the overall metal content being lowered to
ca. 1 wt%. The physical properties of catalysts were rather similar to those ob-
tained in part one, and the same tendencies for ORR performance were seen
with different metal additives as in part two of the work. This time ETFE-based
anion exchange membrane was used in the AEMFC tests. CoFe-N-CDC/CNT
was superior to iron- and cobalt-based catalysts in AEMFC test, by reaching
Prax 0f 1.12 W cm ™ and 0.80 W ¢cm 2 in H,/O, and Hy/air fed systems, respec-
tively.

In part four, commercially available mesoporous carbon-based (MPC) sup-
port material was doped again with nitrogen (1,10-phenanthroline) and transi-
tion metals (Fe, Co, Mn). Five catalysts with the following metal compositions
were prepared: Fe, Co, CoFe, CoMn, FeMn. These MPC-based catalysts had
predominantly bimodal mesoporous structure with pores at ca. 7 and 25-35 nm.
In the RRDE measurements, iron-based materials (Fe-N-MPC, CoFe-N-MPC
and FeMn-N-MPC) possessed similar electrocatalytic properties and high ORR
activity. The HO, ™ yield was higher on Co-containing materials, and lower (less
than 10%) on Fe- and FeMn-based catalysts. Due to this reason, the Fe-N-MPC
and FeMn-N-MPC were chosen to be tested in the AEMFC, where they showed
virtually the same fuel cell performance by obtaining Py, of ~470 mW cm >,

In part five, ordered mesoporous carbon (OMC) was synthesised and em-
ployed as a catalyst support. This OMC material had mesopores mostly with
7 nm in diameter. To study the effect of porous structure of the catalysts on their
ORR and AEMFC performance, the OMC was combined with CDC and CNTs
and doped with nitrogen (1,10-phenanthroline), cobalt and iron. Three bimetal-
lic catalysts with varying porous structure were obtained: mesoporous CoFe-N-
OMC, micro- and mesoporous CoFe-N-OMC/CDC, and CoFe-N-OMC/CNT
with smaller (7 nm) and larger (15-40 nm) mesopores. These catalysts showed
virtually the same and high ORR activity in the RDE test. The effect of porous
structure became evident in the AEMFC, where the CoFe-N-OMC/CNT per-
formed the best, indicating that larger mesopores are beneficial.

The findings of this doctoral thesis offer more insight to the effect of diffe-
rent transition metal additives and the porous structure of the catalysts on their
ORR activity and AEMFC performance, thereby adding a valuable contribution
to the field of ORR electrocatalysis on non-precious metal catalysts.
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9. SUMMARY IN ESTONIAN

Siirdemetallide ja lammastikuga dopeeritud
stisiniknanomaterjalid kui anioonvahetusmembraaniga
kiituseelemendi katoodkatalUsaatorid

Doktorit66 eesmérk oli valmistada nanostruktuursetel siisinikmaterjalidel pohi-
nevaid mittevdirismetallkataliisaatoreid, uurida nende elektrokataliiiitilisi oma-
dusi hapniku redutseerumisreaktsioonil ning rakendusvdimalusi anioonvahetus-
membraaniga kiituseelemendis (AEMFC). Lammastiku ja siirdemetallidega
dopeeritud kataliisaatorid valmistati kdrgtemperatuursel piiroliiiisil, kasutades
erinevaid siisinikul pohinevaid alusmaterjale ning mitmesuguseid ldmmastiku ja
siirdemetallide ldhteaineid. Valmistatud elektrokataliisaatoreid testiti aluselises
keskkonnas poorleva ketaselektroodi (RDE) voi podrleva rongas-ketaselektroodi
(RRDE) meetodil, et uurida nii alusmaterjali kui ka dopeerimisel kasutatud
lahteainete moju saadud kataliisaatorite elektrokataliiiitilisele aktiivsusele.
Aktiivseimaid kataliisaatoreid rakendati AEMFC katoodil. Materjale karakteri-
seeriti pohjalikult, kasutades erinevaid fiilisikalis-keemilisi meetodeid.

Doktoritod esimeses osas dopeeriti karbiidset péritolu siisiniku (CDC) ja
siisiniknanotorude (CNT) segu lammastiku [I] vOi ldmmastiku ja koobaltiga
[II]. Limmastikuallikatena kastutati ditsiiaandiamiidi, tsiiaanamiidi, uureat voi
melamiini. Valmistatud CDC/CNT komposiitmaterjalidel oli korge eripind ning
mikro- ja mesopoorsus. Rontgenfotoelektronspektroskoopia (XPS) tulemuste
kohaselt sisaldasid valmistatud materjalid sarnaseid lammastikuriihmasid, seega
sobivad dopeerimiseks koik kasutatud ldmmastikuallikad. Sellest tulenevalt olid
materjalid ka sarnase elektrokataliiiitilise aktiivsusega hapniku redutseerumisel.
Ehkki metallivabade lammastikuga dopeeritud CDC/CNT materjalide aktiivsus
oli iisna korge, paranes see koobaltit lisades veelgi, millest vdib jareldada, et
plaatinal pohinevate materjalidega vorreldava aktiivsuse saavutamiseks on vaja
metall-limmastik koordinatsiooniga (M-Ny) aktiivtsentreid. Siirdemetallide lisa-
mise vajalikkus ilmnes ka AEMFC testis, kus Co-N-CDC/CNT katoodkatalii-
saatoriga saavutati pea kaks korda kdrgem vdimsustihedus kui N-CDC/CNT
materjaliga.

Teises osas kasutati alusmaterjalidena grafeenilaadse (Gra) siisinikmaterjali
ja CNT-de segu. Lammastikuallikaks oli melamiin ning siirdemetallidena lisati
rauda, koobaltit voi neid mdlemat. Saadud Gra/CNT komposiidi morfoloogia
oli sarnane CDC/CNT materjaliga ning dopeerimisel see oluliselt ei muutunud.
RRDE katsed niitasid, et kdik kolm materjali olid vdga aktiivsed ning Pt/C
materjaliga vorreldavad kataliisaatorid hapniku elektroredutseerumise jaoks.
Siirdemetallide erinev mdju selgus aga vesinikperoksiidiooni tekkeprotsendi
madramisest, kus koige rohkem peroksiidi moodustus koobaltit sisaldaval,
viahim rauda sisaldaval ning vahepealne tekkeprotsent saadi bimetalse mater-
jaliga. Erinevad tulemused saadi ka AEMFC testimisel, kus bimetalne CoFe-N-
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Gra/CNT materjal oli parim ning samavéairne Pt/C kataliisaatoriga, millest voib
jareldada, et kahe siirdemetalli koosmdju on tohus.

Kolmandas osas kasutati taas CDC/CNT segu, kuid dopeerimisel kombinee-
riti 1,10-fenantroliin kui ldmmastikuallikas siirdemetallide (Fe, Co v6i mdle-
mad) atsetaatidega ning vdhendati metallisisaldust {ihe massiprotsendini. Saa-
dud materjalid olid morfoloogia poolest {isna sarnased nendega, mis valmistati
tod esimeses osas. Erinevaid metalle sisaldavate materjalide hapniku redutsee-
rumise elektrokataliiiitiliste omaduste vordlus oli kooskolas t66 teises osas
saadud tulemustega. AEMFC katsetes kasutati selles to0s ainsana ETFE-1
baseeruvat membraani ning CoFe-N-CDC/CNT katoodkataliisaatoriga saavutati
korgeim maksimaalne voimsustihedus (Ppax) 1,12 W cm 2.

Neljandas osas dopeeriti kommertsiaalset mesopoorset siisinikmaterjali
(MPC) lammastikuga, kasutades selleks 1,10-fenantroliini, ning siirdemetallide-
ga (Fe, Co, Mn), saades jargmisi metallikombinatsioone sisaldavad kataliisaa-
torid: Fe, Co, CoFe, CoMn ja FeMn. Saadud MPC-I pohinevatel materjalidel oli
bimodaalne mesopoorne struktuur pooride diameetritega ~7 ja 25-35 nm.
RRDE katses néitasid parimat ja omavahel vorreldavat hapniku elektroredutsee-
rumise aktiivsust raual pohinevad kataliisaatorid (Fe-N-MPC, CoFe-N-MPC ja
FeMn-N-MPC). Enam peroksiidi moodustus koobaltit sisaldavatel materjalidel
ning vihem (<10%) Fe- ja FeMn-materjalidel. Sellest ldhtudes kasutati Fe-N-
MPC ja FeMn-N-MPC materjale kiituseelemendis, kus mdlemaga saavutati
sarnane vdimsustihedus ~470 mW cm 2.

T66 viiendas osas valmistati ise mesopoorne siisinikmaterjal (OMC), mida
kasutati alusmaterjalina. OMC materjal oli kitsa pooride suuruse jaotusega,
sisaldades peamiselt poore keskmise diameetriga 7 nm. Selleks, et uurida
katallisaatormaterjalide poorsuse mdju AEMFC tulemustele, kombineeriti OMC
materjali CDC vdi CNT-ga. Koik kolm alusmaterjali dopeeriti lammastikuga
(lahteaineks 1,10-fenantroliin), koobalti ja rauaga. Seega saadi jargnevad
katallisaatormaterjalid: mesopoorne CoFe-N-OMC, mikro- ja mesopoorne
CoFe-N-OMC/CDC ning nii vdiksemate (~7 nm) kui suuremate (1540 nm)
mesopooridega CoFe-N-OMC/CNT. RDE testides olid koik kolm materjali
sarnaselt korge hapniku elektroredutseerumise aktiivsusega. AEMFC tulemused
aga niitasid, et seal on kataliisaatori poorsel struktuuril suurem mdju, sest
CoFe-N-OMC/CNT materjal andis parema tulemuse kui teised kaks, millest
voib jareldada, et kiituseelemendi kataliisaatorikihi omadusi parandavad suure-
mad mesopoorid.

Doktoritdos saadud tulemused aitavad selgitada kataliisaatorite poorse struk-
tuuri ja materjalides sisalduvate siirdemetallide moju nende elektrokataliiiitili-
sele aktiivsusele hapniku redutseerimisel ning AEMFC joudlusele, andes see-
1abi olulise panuse mittevddrismetallkataliisaatorite hapniku redutseerumise
elektrokataliiiisi valdkonda.
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