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2. ABBREVIATIONS AND SYMBOLS

A geometric surface area of an electrode
AEI anion exchange ionomer

AEM anion exchange membrane
AEMFC anion-exchange membrane fuel cell
BE binding energy

BET Brunauer-Emmett-Teller

BR biuret

CDC carbide-derived carbon

CH carbohydrazide

CNTs carbon nanotubes

CoPc cobalt(IT)phthalocyanine

CVD chemical vapour deposition

co?’ concentration of oxygen in the bulk solution
Cv cyclic voltammetry

Do diffusion coefficient of oxygen

dp diameter of pores

DCDA dicyandiamide

DFT density functional theory

DMFC direct methanol fuel cell

E electrode potential

E° standard potential

En half-wave potential

Eonset onset potential

EDX energy dispersive X-ray spectroscopy
F Faraday constant

FCEV fuel cell electyric vehicle

FePc iron(II)phthalocyanine

GC glassy carbon

GDL gas diffusion layer

GO graphene oxide

HOR hydrogen oxidation reaction

1 current

14 diffusion-limited current

Ik kinetic current

ICP-MS inductively coupled plasma mass spectrometry
J current density

Ja diffusion-limited current density

Jx kinetic current density

K-L Koutecky-Levich

MA mass activity

MEA membrane-electrode assembly
M-N-C metal-nitrogen-carbon
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MOF metal-organic framework

MWCNTs multi-walled carbon nanotubes

n number of electrons transferred per O, molecule
NPMC non-precious metal catalyst

oCcv open circuit voltage

ORR oxygen reduction reaction

PEFC polymer electrolyte fuel cell
PEMFC proton-exchange membrane fuel cell
PGM platinum group metal

Phen 1,10-phenanthroline

Prax maximum power density

PSD pore size distribution

Pt/C carbon-supported Pt catalyst
QSDFT quenched solid density functional theory
RDE rotating disk electrode

RHE reversible hydrogen electrode
RRDE rotating ring-disk electrode

SC semicarbazide

SCE saturated calomel electrode

SD site density

SEM scanning electron microscopy
SHE standard hydrogen electrode

SSA specific surface area

SWCNTs single-walled carbon nanotubes
TEM transmission electron microscopy
TOF turnover frequency

Vo total volume of pores

Vu volume of micropores

v potential scan rate

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

v kinematic viscosity of the solution
) electrode rotation rate
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3. INTRODUCTION

Moving on from the carbon energy cycle that is destroying our environment and
deteriorating living conditions worldwide is one of the priorities for humanity in
the 21st century. According to the International Energy Agency, the energy con-
sumption in the world is increasing by 1% every year with transportation quickly
becoming the largest energy sector [ 1-3]. However, nearly all the energy used for
transportation is still being produced by burning fossil fuels. Polymer electrolyte
membrane fuel cells have emerged as one of the pathways towards reducing the
CO; emissions from automotive applications and have already seen wide-scale
use in fuel cell electric vehicles [4]. In such a fuel cell, the energy from a hydrogen
molecule is converted cleanly into electrical energy with water being the only
product [5]. The main remaining problems towards replacement of internal
combustion engines by polymer electrolyte fuel cells are cost and durability [6].
These issues stem from the sluggish oxygen reduction reaction (ORR), which
takes place at the fuel cell cathode. Due to the strong oxygen-oxygen double bond,
the O, molecule requires a good electrocatalyst to be split at an appreciable rate
and a low overpotential. So far, nearly all commercially available fuel cell systems
have used platinum-based catalysts on the cathode to achieve this, but it has
become apparent that the long-term activity and stability targets cannot be met
by Pt-based materials while keeping costs low enough [7]. Since 1964, when
Jasinski first published his study on a non-platinum fuel cell catalyst, the search
for a replacement for the platinum catalyst has constantly gathered momentum
[8]. This has been fuelled by the discovery of new carbon nanomaterials such as
carbon nanotubes (CNTs) [9] and graphene [10], as carbon has been the support
material of choice for both platinum-based and non-platinum catalysts. Design of
the carbon material at close to atomic levels has allowed for the rational design
of non-precious metal catalysts for oxygen electroreduction with ever-increasing
activity and stability.

The aim of this PhD thesis was thus to explore the electrocatalytic activity of
undoped and doped carbon nanotubes [[-VI, X, XII], graphene [I-1II], carbide-
derived carbon [VII-XIII] and composites thereof [I-III, X, XII] towards the
ORR, design new and better catalysts from these supports and to establish
structure-property relationships, which would allow for new enhancements to be
made in the field of fuel cell electrocatalysis.
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4. LITERATURE OVERVIEW

4.1 Polymer electrolyte fuel cells

A fuel cell, at a very basic level, is a device for converting a fuel (for example,
hydrogen) and an oxidant (air) directly into electricity, heat and a product (water).
There are five types of fuel cells that have seen commercial use so far: 1) the
polymer electrolyte fuel cell (PEFC), 2) the alkaline fuel cell, 3) the solid oxide
fuel cell, 4) the molten carbonate fuel cell and 5) the phosphoric acid fuel cell.
Polymer electrolyte fuel cells, in turn, are divided into proton exchange membrane
fuel cells (PEMFC), anion exchange membrane fuel cells (AEMFC) and direct
methanol fuel cells (DMFC). For transportation purposes, PEFCs make the most
sense as they operate at low temperatures (under 100 °C) and require no liquid or
corrosive components (such as molten carbonates, liquid hydroxides or phos-
phoric acid) [11]. This makes them perfect for use in automobiles not only from
a safety standpoint, but also an efficiency one since they can be easily stopped
and started again without the need to heat the system back up to high tem-
peratures. A PEFC, taking the example of a PEMFC operates using the simple
reaction:

2H, + 0, - 2H,0 (1)

Hydrogen, which is used as the fuel, is oxidised on the anode, while oxygen is
reduced on the cathode to water using the protons released from the oxidised
hydrogen. The protons are conducted to the cathode through a proton exchange
membrane (PEM). Since the membrane is an electrical insulator, the electrons
move through an external circuit, where they can be used to do useful work as
shown in Figure 1. Taking a single-cell membrane electrode assembly (MEA) as
an example, the fuel cell typically consists of catalysts either deposited on or
integrated into a carbon material which make up the anode and the cathode. The
electrodes, in turn, are deposited onto the polymeric membrane (almost always
Nafion™) and sandwiched between gas diffusion layers (GDLs). The GDLs are
commonly made of carbon fibres or carbon paper and have the purpose of
efficiently transporting gases to and water from the electrodes.

The MEA is in turn sandwiched between bipolar flow field plates, which serve
as further channels for gas and water vapour transport and are made of graphite
or metal coated with corrosion-resistant layers (due to the acidic conditions inside
a PEMFC) [12]. They also support the MEA and give the structural strength to
the fuel cell stack.

13
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Figure 1. Schematic of a PEMFC [11].

The maximum theoretical efficiency of such a fuel cell is 83%, however, the
practical efficiency is closer to 40% (still more than double of the engines used
in today’s cars) [13]. This is largely due to the activation, ohmic and mass-
transport losses in the fuel cell which all take place when current is drawn from
the cell. The actual cell voltage is always lower than the equilibrium potential of
the cell (1.23 V) due to these losses. Ohmic losses arise from the transfer of
protons in the proton exchange membrane and are normally minimised by using
a very thin membrane (the common Nafion 211 membrane has a thickness of
25.4 um [14]). Mass-transport losses are alleviated by efficient transport of
reactants to and products from the catalyst layers via GDLs and an efficient pore
structure as well as thin electrodes (in commercial solutions, the cathode, which
is the thicker electrode, is normally 5-30 pum thick, but with non-precious metal
electrodes the thickness can be >100 um [15]). The largest loss by far comes from
the activation overpotential of the oxygen reduction reaction (ORR) taking place
on the cathode [15]. While the hydrogen oxidation reaction (HOR) is quite a fast
reaction, which proceeds either according to the Volmer-Tafel or Volmer-
Heyrovsky mechanism, the ORR requires four electrons to be transferred to the
O, molecule and the cleavage of a double oxygen-oxygen bond, making the
kinetics much more complex and the reaction sluggish. Most of the work done
on PEFC:s so far has been on PEMFCs due to the availability of the Nafion proton
exchange membrane. In alkaline membrane fuel cells, where the membrane
conducts OH instead, the progress has long been inhibited by low-performing
anion exchange membranes (AEM), but with membranes exhibiting ion con-
ductivities over 0.1 mS cm™ now available [16], there is a huge potential for
AEMFC technology to catch up to that of PEMFC. Recent studies on non-
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precious metal catalysts (NPMC) switching from a commercial AEM to a highly
conductive one have demonstrated performance gains higher than an order of
magnitude [17]. In addition to using hydrogen as the fuel, methanol has also been
proposed as an alternative (in DMFCs). Methanol has some important advantages
over hydrogen: it is in liquid rather than gaseous form at standard conditions and
therefore easier to store and transport, does not embrittle common metals such as
steel and aluminium and has a higher energy density (at standard conditions) [18].
The main problem with DMFCs is the diffusion of methanol through the membrane
onto the cathode side, where the platinum-based catalysts start to oxidise it,
leading to a mixed potential and poisoning of the cathode by CO [19-21].

4.2 Oxygen reduction reaction

The electroreduction of oxygen is one of the most important electrochemical
reactions. In addition to providing energy via fuel cells, it forms the basis of life
in biological respiration. In acidic aqueous solutions the ORR can follow either a
4-electron pathway [22,23]:

0, + 4H* + 4e™ - 2H,0 E, =1.229V, )
or 2-electron pathway:

0, + 2H* + 2™ - H,0, E, = 0.67V, )
followed by further reduction of hydrogen peroxide

H,0, + 2H* + 2e~ - 2H,0 E, =177V %)
or disproportionation

2H,0, - 2H,0 + 0, (5).

In alkaline conditions the ORR can also proceed via two pathways. The 4-electron
pathway:

0, + 2H,0 + 4e~ — 40H" E, = 0.401V, (6)
or 2-electron pathway:

0, + H,0 + 2e~ - HO; + OH- E, = —0.065V, 7)
followed by further reduction

HO3 + H,0 + 2~ — 30H" E, = 0.867V, ®)
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or disproportionation
2HO; — 20H™ + 0, )

with all the standard potential (Eo) values given versus the standard hydrogen
electrode (SHE) at 25 °C. The general scheme of the ORR is given in Figure 2,
in alkaline (a) and acidic (b) conditions.

(a) . (b)

k k k

K

3

0,—~0,(ad)e=> HO, (ad) —» OH- 0,—0,(ad) &2 H,0,(ad)—> H,0
k, ky

Figure 2. General scheme of the ORR in alkaline (a) and acidic (b) media. &; denotes the
heterogeneous rate constants of various steps and (ad) denotes adsorbed species.

In fuel cell conditions, the 4e” pathway is always preferred as hydrogen peroxide
or the hydroperoxide anions can act to corrode the components of the fuel cell if
not further reduced. Also, the formation of H,O» (or HO; ") decreases the fuel cell
efficiency. On noble metal surfaces such as Pt, the ORR undergoes a direct four-
electron pathway without any desorption of H,O, or HO;", but on surfaces or
electrocatalytic sites that bind these intermediates weaker they can desorb and
thus react with other components. In acidic conditions Pt is well-known to be the
most active electrocatalyst towards the ORR and selectively reduces O, via the
four-electron pathway [24]. However, in alkaline conditions the chemisorption of
O, is hindered by specifically adsorbed OH ™ species and thus the first step of the
ORR can also be an outer-sphere reaction, where it is reduced to superoxide anion
(057, shown in Figure 3) [25]. This creates a certain degree of nonspecificity to
the surface on which this reduction reaction takes place and allows for the use of
a much wider range of NPMCs in alkaline media compared to acidic [25]. Still,
even some non-precious metal catalytic sites, like the M-N4 coordination centre,
are known to catalyse a direct 4e” reduction of oxygen in both acidic and alkaline
conditions [25-27].
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4.3 Oxygen reduction on non-precious metal catalysts

PEFCs were invented in the early 1960s by Willard Thomas Grubb and Leonard
Niedrach of General Electric (GE) for the Gemini missions [28]. Since the early
days, the large amount of Pt needed to produce the GE fuel cells was noted to be
a significant problem towards commercialisation [28]. Recently, PEFCs have
seen a lot of success: major automotive companies such as Toyota, Hyundai,
Honda, Ford, Chevrolet and Mercedes-Benz have all come out with their own
PEM fuel cell vehicles and Plug Power, a company producing hydrogen-powered
forklifts, posted more than $230M of revenue in 2019 [29]. However, all of these
commercial solutions are still powered by Pt-based catalysts. So, what is wrong
with using platinum? The global platinum supply is estimated at 69,000 tons and
192.5 tons were produced in 2019 [30,31]. A Toyota Mirai (the most produced
fuel cell electric vehicle, FCEV) needs 35 grams of Pt for its fuel cell, meaning
that if all the Pt currently produced was used for FCEVs, 5.5 million of such
vehicles could be produced per year. The global car fleet was estimated to be over
1 billion in 2010 [32], so to replace the entire car fleet with Toyota Mirais (or
vehicles using the same amount of Pt in the PEFC) would take over 18 years at
the current pace. This requires that 35,000 tons (before taking into account the
losses of making catalysts from the mined Pt) of the 69,000 tons available would
need to be dedicated to FCEVs, which means that the recycling rate for Pt would
need to be near 100% in the long term. Another thing to consider is that currently,
the price for a Toyota Mirai is $58550 compared to $24525 for a Toyota Prius
(an identical vehicle with a hybrid drivetrain). Clearly this is not a competitive
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price. The main problem stems from the fact that an average Pt ore contains only
4 g of Pt per ton of ore and that most of the mining is done in deep mines in South
Africa, driving up the price even more. Because the mining is mostly concen-
trated in only one area, there are also concerns about the stability and elasticity
of the supply should the demand increase notably [5]. Pt-based catalysts have seen
a tremendous increase in both specific activity and mass activity (by mass of Pt)
in the recent decade as well [33-35], however incorporating these advancements
made on the catalyst level to full-size fuel cell stacks has proven a challenge [36].
Even the most optimistic forecasts set the ultimate Pt loading at 0.1 g kW [34],
which would mean that 1/7" of the whole Pt on Earth would need to be dedicated
to PEFC technology (not taking into account recycling and catalyst synthesis
losses).

Clearly, in the long term, Pt-based catalysts are not the solution for PEFCs in
FCEVs and even the US Department of Energy has included moving on to NPMC
materials in their PEMFC roadmaps in the last few years [6,7]. The search for Pt
replacements for oxygen reduction also has a long history, even predating PEFCs.
As mentioned, the ORR also takes place in the respiratory system of mammals.
Due to the low electrical conductivity of biological systems, the reaction rate is
much lower than what is needed for a fuel cell, however. In 1964, Jasinski pub-
lished the first study using a bio-inspired cobalt phthalocyanine (CoPc) catalyst
deposited on Ni (as a highly conductive substrate) [8]. The next year he improved
on his results considerably by using a carbon black instead of Ni as the substrate
[37]. The carbon black had the advantage of having a much larger surface area,
allowing for more of the CoPc to be adsorbed and therefore, more electro-
catalytically active sites to be exposed. Nowadays, this strategy of using a carbon
support to increase the utilisation is key in both precious and non-precious metal
catalysts [33,38,39]. This was improved upon by introducing a high-temperature
treatment which improved the contact between the MN4 macrocycles and the
substrate (but also changed the nature of the active site, which will be discussed
further on)[40]. The next important enhancement was done in 1989 by Yeager
and co-workers, who replaced the expensive MN4 macrocycles with a mixture of
simple nitrogen source (polyacrylonitrile, PAN) and simple metal salts (Co or Fe
acetate). These mixtures were pyrolysed at high temperatures (300-950 °C) to
create some of the best NPMC:s at that time [41]. However, unlike the physically
adsorbed macrocycle-based catalysts, which had a well-defined structure, these
new heat-treated materials proposed the important question about the exact nature
of the active sites for ORR after pyrolysis, which has only begun to be answered
in the recent years [26,42-45].

4.3.1 Oxygen reduction on metal-nitrogen-carbon (M-N-C) catalysts

Metal-nitrogen-carbon or M-N-C catalysts thus contain a transition metal, nitrogen
and carbon. Carbon makes up most of the material (by at.%) and provides the
chemical stability, electrical conductivity, porous structure and mechanical
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strength of the material. Traditionally, carbon materials with a high surface area
such as Vulcan carbon XC72 and Black Pearls BP2000 have been widely used as
a support material for heterogeneous catalysts, notably as carriers for Pt nano-
particles [33.,46]. However, carbon by itself is not very active towards the ORR.
To create active sites for the ORR without using platinum, doping it with
transition metals and/or nitrogen has been the most successful strategy so far
[33,47-49]. In the case of unpyrolysed transition metal phthalocyanines, the
activity of metals decreases in the following order: Fe > Co > Ni > Cu> Mn [50],
but most catalysts today are pyrolysed, therefore the nature of the active site is
very different from a pure metal phthalocyanine [51,52] and the activity trends
also different. Before going into discussion about the exact nature of the active
site, it is important to understand how these materials are made.

The most common methods for creating M-N-C catalysts are:

1) The doping method, where a synthesis mixture, comprising of a carbon carrier,
nitrogen dopant (either a polymer or smaller molecule with a high density of
N atoms) and a metal source (commonly a cheap salt) is pyrolysed to dope the
carbon material. The nitrogen and metal source can be combined (for example,
a macrocycle containing the desired metal). The precursors are commonly
mixed either in liquid (sonication, stirring in a solvent) [[-I1X] or solid phase
[VII-XIII] (grinding, mixing, milling) after which the mixture is pyrolysed at
high temperatures to fuse them together, which changes the chemical nature
of the dopants and the substrate, creating active sites for ORR [53-57]. The
advantage of this method is the use of a pre-existing carbon, which defines the
structure, porosity and degree of graphitisation of the final catalyst.

2) The in situ doping method, which is similar to method 1, but the doped carbon
network is created during the pyrolysis from carbon, nitrogen and metal
sources (these can either be the same source, such as a Fe-doped ZIF-8, for
example, or from different sources such as a carbon-based polymer, nitrogen-
containing molecule and an iron salt). This method can facilitate (in most
cases) a higher concentration of nitrogen and metals compared to method 1,
but it is more difficult to control the structure and porosity of the final catalyst.
This is commonly alleviated by using a precursor (or precursors) which has a
well-defined structure, such as metal-organic frameworks (MOFs) [44,45,58—
61], metal macrocycles [62,63], macrocyclic aerogels [64] or polymers [65,66].

3) The hard-template method (also called the sacrificial support method, SSM),
which incorporates the same strategy as 1) but in addition, a hard template
(commonly made of silica) is used to confine the precursors during the
pyrolysis. This allows to define the final structure of the catalyst by using a
template which is stable during the pyrolysis (such as silica) [67—69]. There-
fore this method combines two of the positive sides from methods 1 and 2, but
has the disadvantage of having to remove the template after pyrolysis, a
process which can also modify the resulting catalyst by etching some of the
metal (not always a negative side as the final catalyst can therefore be more
stable [67]).
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In many cases, these methods are combined, i.e. the catalyst produced by the soft-
template method is also doped afterwards by either adding more nitrogen-
containing compounds and pyrolysing the mixture [70] or pyrolysis in ammonia
[44,45,61]. Acid washing is also common addition to all of the methods to remove
inactive metal species, which could contaminate the fuel cell during operation,
but carries the disadvantage of having to undertake a secondary heat-treatment to
deprotonate the N-groups on the surface (which can bind anions and therefore
decrease the activity of the catalyst) [71].

The most important questions in any research done on catalytic reactions are:
1) What is the chemical nature and structure of the catalytic centre?
2) How is the reaction proceeding on that centre?

These two questions have been the centrepiece of research done on M-N-C
electrocatalysts for ORR ever since pyrolysed macrocycles were used for ORR
electrocatalysis in 1976 [40]. Two main types of active sites towards ORR have
been identified in M-N-C catalysts: M-Ny single metal-atom sites, where the iron
atom is coordinated to multiple (usually 4) nitrogen atoms [43,44,72—74], or
metallic iron and/or iron carbide particles covered by nitrogen-doped graphitic
carbon layers, labelled NC@M [25,45,75-79] (Figure 4). In addition to the metal-
based catalytic centres, M-N-C catalysts also contain NxC, active sites, which
will be further discussed in the next chapter. M-N sites are generally considered
to reduce oxygen via a 4-electron pathway, while on NC@M sites the ORR is
thought to proceed either via the 2+2 or 2x2-electron pathway, with the underlying
metal stabilising the intermediates [43,45,61].
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Figure 4. Different types of active sites in M-N-C catalysts [43].
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The exact nature of the M-Ny sites most active towards the ORR is extremely
difficult to determine due to the plurality of even this one type of active site in a
given catalyst. Due to the imprecise method of synthesis (high-temperature
pyrolysis), all catalysts thus far have had multiple types of active sites present.
Commonly these active species are identified in a catalyst by X-ray photoelectron
spectroscopy (XPS), Mdssbauer spectroscopy or X-ray absorption spectroscopy
(XAS). However, with all of these methods, the signal from different M-N sites
(and in the case of XPS, also other nitrogen moieties) is overlapping and thus a
large part of the identification is the deconvolution and fitting of peaks [27]. In
perfect systems such as graphene direct atomic-level imaging has also been
achieved [74], but most of the catalysts are an amorphous mess compared to
graphene and determining how many and what atoms are bound to the metal
centre is rather speculative with current imaging capabilities.

Due to the difficulties in synthesising a catalyst with a single type of active
site, the exact reaction mechanism on this type of catalysts has also been difficult
to determine. Figure 5 shows a general scheme of the ORR taking place on a M-
N-C (in this case, Fe-N-C) catalyst with a multitude of active sites in acidic
conditions [27].
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As shown, Fe-Nj sites catalyse a direct 4-electron reduction of oxygen to water
or the 2x2¢” reduction, where both of the steps take place on either the same active
site or another S* site. On nitrogen moieties without any coordinated iron, the
ORR undertakes the 2+2e" reduction with the first steps of oxygen adsorption and
reduction to H,O, taking place on pyrrolic or graphitic nitrogen and the second
step on pyridinic nitrogen (more discussion on this will follow in subsection
4.3.2) In alkaline conditions, as discussed, the reaction preferably takes place in
the outer Helmholtz plane (OHP) and is thus tilted towards the 2-electron
mechanisms [25,27,80]. However, it must be noted that the surrounding carbon
also has an influence on the active sites and can thus change the selectivity.
Similar moieties have also been characterised in the case of Co and Mn [70,81].

Nevertheless, the main goal of the research into M-N-C catalysts has always
been to replace Pt on the cathode of PEMFCs. Looking at a comparison of a state-
of-the-art M-N-C catalyst and a state-of-the-art Pt/C catalyst [82] (Table 1,
updated for 2019) reveals that while by electrode area the activity is similar, the
mass activity is two orders of magnitude lower. This also means that the electrode
mass, and more importantly, volume required to reach the same power as the Pt/C
catalyst will be much larger. In a confined space such as an automobile, making
the electrode 100 times thicker is obviously not possible. Thickening the electrode
also creates considerable issues with O, transport in the catalyst layer.

Table 1. Comparison of state-of-the-art Pt/C and M-N-C catalysts in PEMFCs at 0.9 V
[39].

Catalyst Loading Mass activity Catalyst activity
Pt/C 0.1 mgp; cm™ 443 Algp, 44.3 mA cm™
(CM-PANI)-Fe-C 6.8 mg cm 52A/g 36 mA cm™

There are two main reasons the mass activity of M-N-C catalysts is so much
lower: site density (SD) and turnover frequency (TOF). In a recent cross-laboratory
study on some of the best Fe-N-C catalysts for the ORR, the catalyst with the
highest site density had a SD of 0.6x10" (accessible) sites cm™ [83] compared
to 3.2x10% sites cm™ for Pt/C [24]. Looking at TOF, the TOFs reached in the
same study [83] were 0.5-7¢ site”' s, while commercial Pt/C is known to have
a TOF value of >25¢ site! s ' at 0.8 V [24]. Another study reported a TOF of
0.17 ¢ site”' s™' for a Fe-N-C catalyst [84].

Reaching a site density comparable to Pt/C with an atomically dispersed
M-N-C catalyst is extremely difficult. By definition, the M-N-C sites have to be
separated from each other, but also coordinated to (in the ideal case, four)
nitrogen atoms, which are in turn, separated by a carbon lattice. For these sites to
be electrochemically accessible and reduce O in an MEA, they have to be located
near to or on the surface of the catalyst particles, not deep inside the pores. Simply
increasing the metal content in the catalyst precursor does not lead to a higher
concentration of active sites, because during high-temperature pyrolysis the metal
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atoms tend to agglomerate into particles, creating NC@M sites, which are less
active. Therefore, the recent strategies for increasing site density have focused on
separating the metal atoms prior to and during the pyrolysis step, which is accom-
plished either by dispersing them in a MOF, in complexes with large ligands or
anchoring using SiO; [60,64,67,85]. The second issue, TOF, is somewhat more
difficult to improve without knowing the exact nature of the active sites. Still, a
lot of progress has been made in the case of Fe-N-C catalysts by tuning the d»
orbital electron density of the central Fe atom [27,86]. By increasing the
defectiveness of the carbon material surrounding the Fe-N4 centre, it is possible
to increase its electron withdrawing nature, which in turn lowers the electron
density on the d,, orbital so that it can be tuned to bind intermediates just strong
enough. However, by introducing too many defects into the carbon material can
make the Fe-Nj site bind oxygen too strongly and has another very important
downside: it decreases the catalysts’ stability.

Stability is the second key property that NPMC:s still lack compared to Pt/C.
The 2020 target for fuel cells set by the DOE is 5000 h, but in a recent study it
was shown that most of the NPMCs lose over 50% of their current in the first
100 h, especially the ones that perform the best at beginning-of-life [39]. The
main reasons for activity loss are micropore flooding [87], active site protonation
and anion adsorption [71], demetallation [88,89] and oxidation of the carbon
material [90]. Since some types of M-Ny sites are known to be situated in
micropores [91], creating M-Ny active sites requires nitrogen (which is the main
site for protonation) and as said, defects in the carbon plane (which can be
oxidised), none of these mechanisms can be avoided completely with the current
methods. While these effects are known to be more detrimental in acidic (and
thus more corrosive) conditions, they also deteriorate the catalysts in alkaline
media [92,93].

4.3.2 Oxygen reduction on metal-free catalysts

The second type of replacement catalysts developed forgoes metals entirely and
the focus has been on maximising the activity of nitrogen-doped carbon nano-
materials [49,94]. Metal-free catalysts offer a couple of important advantages
over metal-based catalysts, as the first mechanism of activity loss (demetalation
of the active site) is not present here (thus these catalysts are intrinsically more
stable) and also circumvent the use of metals in the synthesis, of which the
production of some is actually quite bad for the environment (for example, Mn
and Co-based catalysts) [81,95-97].

By introducing electron-rich nitrogen atoms into the carbon support, the ©
electrons in carbon are conjugated to the lone-pair electrons of nitrogen atom
[98]. The effect of nitrogen doping depends highly on the placement of the dopant
atoms in the lattice [99—101]. Reportedly there are four different types of nitrogen
species in N-doped carbon-based materials, pyridinic-N, pyrrolic-N, quaternary-N
(graphitic-N), and pyridinic N'~O". Although metal-free N-doped carbon catalysts
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have become an increasingly researched topic in the last 10 years, the origin of
the ORR activity in N-doped carbon materials remains a controversial topic.
There have been a number of debates about this, such as the spatial location (basal
or edge sites) or chemical nature (which nitrogen moiety or combination is re-
sponsible for the ORR activity). The lone pair of electrons on a pyridinic N atom
(a nitrogen atom in a six-member carbon ring bound to two carbon atoms) has
long been thought to be the site responsible for most of the ORR activity due to
the m-conjugation it forms [102,103]. Studies made with catalysts containing
almost exclusively pyridinic N or comparisons with a large number catalysts with
different moieties have confirmed the positive effect of pyridinic N on the ORR
kinetics [53,102,104—-106]. Theoretical calculations as well as studies with real
catalysts have proven that graphitic N (a nitrogen atom in a six-member carbon
ring bound to three carbon atoms) also contributes to the ORR activity of a N-doped
carbon material [107,108]. However, real life catalysts do not comprise of perfect
sp” graphitic sheets, the material is often rather amorphous and defective. Indeed,
a high number of defects and edge sites is also a known descriptor for highly
active N-doped carbon catalysts for ORR [109]. In addition to this, a large surface
area is obviously needed for a high number of active sites on the catalyst surface.
Another important factor for ORR activity in N-doped carbons is the amount of
nitrogen both on the surface and in the bulk of the material. Surface concentration
of nitrogen of up to 8.4% were shown by Rao et al. to increase the ORR electro-
catalytic activity in acidic solutions [110]. In alkaline conditions, similar results
have been found [111,112], suggesting that the number of active sites for both
alkaline and acidic O, cleavage rises as the surface nitrogen content increases.
The increase of bulk N content has been shown to have an effect on the valence
and conductive bands near the Fermi level, resulting in metallic conductivity
[113,114], which in turn increases the catalytic activity as the speed of electron
transport rises. Unfortunately, even the best metal-free catalysts have not yet
reached the level of electrocatalytic activity seen in M-N-C materials, especially
in acidic conditions.

4.4 Oxygen reduction on carbon nanomaterials

Since Jasinski substituted Ni powder for carbon black as a support for CoPc,
carbon has been the support of choice for both non-precious metal and metal-free
catalysts. A variety of carbon materials have been used as a starting material to
produce electrocatalysts for ORR, such as mesoporous carbon [115-117], carbon
aerogels [118,119] and xerogels [120], carbon nanotubes [121-123], graphene
[124-126] or composite materials [127—133]. All these carbon nanomaterials
have some common properties that make them good catalyst supports, such as high
specific surface area, electrical conductivity and chemical stability and porosity.
The porous structure helps with the mass transfer, large surface area is favourable
for the creation of a higher number of active sites, electrical conductivity helps to
transport electrons needed for O, reduction on these active sites and since the
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materials are also chemically stable, the carbon itself is quite resilient (although
can be oxidised in fuel cell working conditions, as discussed in subsection 4.3.1).

Graphene is a carbon nanomaterial made of a single layer of graphite. Its two-
dimensional honeycomb sp” structure gives it exceptional properties such as a
high specific surface area of 2630 m* g', electron mobility of 250,000 cm* V™' s
(100 times that of silicon), thermal conductivity (5000 W mK™' — 2x more than
diamond) and strength (terminal strength of 130 GPa — 200x more than steel)
[10,134]. In reality, single-layer graphene is extremely hard to synthesise, espe-
cially in large quantities (such as would be needed for making electrocatalysts for
fuel cells) and the common type of graphene used for applications is few-layer
graphene [49,135,136]. The most important synthesis methods of graphene are
chemical vapour deposition (CVD) and chemical exfoliation of graphite [137—
139], which are both rather expensive (especially CVD) and have a relatively
large environmental footprint [140], although new methods for faster and less
polluting chemical exfoliation [140] and synthesis directly from CO; have been
proposed [141].

Carbon nanotubes (CNTs) are a form of carbon made of sheets of graphene
rolled up into tubes [9]. They are made of six-member rings of carbon with a
hybridisation between sp? and sp® due to pyramidalisation [142], with the tips of
nanotubes also having some five-member rings. Due to this they are easier to
modify and dope with heteroatoms. Depending on the number of graphene sheets
rolled up the CNTs are divided into single-walled, double-walled and multi-
walled CNTs [134,142]. Because CNTs are synthesised using metal catalysts,
removal of traces of these metals is a common issue and can lead to impurities,
which have a significant effect on the electrocatalytic activity of catalysts derived
from CNTs [143]. For this purpose, leaching in pure acids, acid mixtures or strong
oxidisers is commonly used [143-146]. In addition, it has been shown that
oxidising CNTs prior to doping increases the effectiveness of doping due to the
formation of oxygen-containing groups, which increase their solubility (and there-
fore dispersion in a precursor mixture) and which are easily substituted for
heteroatoms [147,148].

Carbide-derived carbons (CDCs) are a carbon material made by removing the
metal/semi-metal atoms from the lattice of a carbide, which leaves behind a
porous carbon network. CDCs can offer a control on the porosity of the carbon
material, from narrow to wide pore size distributions in both the micro- and meso-
porous domains. They are produced by removing metal atoms from a carbide
lattice via chlorination and are already applied in commercial supercapacitors,
due to their high specific surface area (SSA) over 2000 m” g™ and porosity [149].
The surface area, degree of disorder and pore size distribution are easily tunable
by selection of starting carbide and chlorination temperatures [150,151] ranging
from a-SiC-based carbon with a median pore diameter of ~0.7 nm and virtually
only microporosity to Mo,C-derived carbon, which can have a median pore dia-
meter of ~4.0 nm and no micropores at all [152] with reproducible large-scale
results [153]. The most common synthesis method for CDCs is a thermo-chemical
treatment of carbide powder in chlorine gas flow at high temperature. Depending
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on the chemical composition of the carbide, but also of the desired porosity and
nanostructure of the target CDC, the synthesis temperature can be varied in
between 300-1100 °C [154,155]. Chlorination temperatures above 1200 °C tend
to yield turbostratic low-surface area carbon materials, which usually offer less
interest for the energy storage related applications. CDCs are thus promising as a
microporous host for metal-based sites and for doping with nitrogen or other
heteroatoms.

4.5 PEMFCs using non-precious metal cathode catalysts

PEMFC technology is, as discussed in chapter 4.3, the oldest among the different
types of PEFCs. As such, they also have the longest history of having NPMCs
utilised as the cathode catalyst. On the anode side, where the HOR requires very
little Pt loading as discussed in chapter 4.1, there has been little interest in replacing
the common Pt/C. On the cathode side however, there has been significant
research activity invested into finding a suitable NPMC (as discussed in chapter
4.3). The main activity benchmarks are current density at 0.8 V (or more recently,
0.9 V) and the maximum power density (Pmax). At times, current density values
at 0.6 V have also been reported as this is near the bottom of the useful voltage
window for most purposes [33,39]. Commonly, most PEMFCs operate at 100%
RH due to the need to humidify the membrane and ionomer for decreasing ionic
resistance. An enormous amount of progress has been made in the last 10 years:
a recent review showed that in this time, the jogv has gone from 20 mA cm ™ to
380 mA cm?, while the Ppnax has increased from 334 to 1512 mW cm™ [39].
These advancements have largely been made due to breakthroughs in synthesis
and better understanding of the NPMCs and their active sites. At the first half of
the decade, most catalysts were produced by the doping method, where a carbon
substrate is doped via pyrolysis with either a nitrogen-containing gas (NH3) or
mixing the carbon with a nitrogen-rich small organic molecule or polymer
[56,156]. In 2011, Dodelet’s working group reported a new method of creating a
Fe-N-C catalyst with improved performance using ball-milling of a carbon
support, 1,10-phenanthroline (Phen) and iron(Il) acetate (Fe(OAc),) [55]. This
had some important advantages over the previous methods: ball-milling instead
of solution-based impregnation ensures that most of the dopants are located near
the surface of the carbon material and most of the resulting active sites will be
accessible during electrocatalysis. In addition, the use of Phen, which creates a
Fe(Phen);*" complex, avoids the agglomeration of iron into particles during the
pyrolysis step. Using these advantages, the josv increased to 50 mA ¢cm . This
was improved on by the same group by replacing the carbon support with a MOF,
which led to a significant increase of the jo sy to 273 mA cm 2 and the power density
to 750 mW c¢m > [58]. The MOF-derived method has the important advantage of
being able to incorporate a very high amount of nitrogen into the catalyst by using
a nitrogen-rich linker in the MOF (such as imidazolate) and a sacrificial central
metal atom (such as zinc). The MOF method has been later improved on by
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further separating the Fe [60] (or other metal such as Co [157] or Mn [70]) atoms
either by dispersing them directly as the central atom of the MOF or multi-step
synthesis, leading to a Puax of up to 1369 mW cm? [158]. Unfortunately, the
MOF method is known to create mainly active surface sites [26,83], which are
very accessible and have a high TOF at beginning-of-life, but are quickly
demetalated or otherwise unstable [88,90,159]. The SSM method employed by
University of New Mexico and commercialised by Pajarito Powder, LLC made
an important impact of NPMCs for PEMFCs by demonstrating large-scale
synthesis and commercial viability [67]. Here, as discussed in subsection 4.3.1,
the precursors are pyrolysed inside of a confined template, which is afterwards
removed, leaving a catalyst with a structure defined by the voids in the template.
This allows for the creation of defined meso/macroporosity, which is especially
important at higher current densities. The catalysts produced by Pajarito Powder
are also known to be among the most stable in the literature due to a large amount
of active sites throughout the whole material and not only on the surface [83].
The doping method has also seen many advancements, with the supports being
changed from common carbon blacks such as Vulcan carbon XC72 and Black
Pearls BP2000 to nanomaterials such as graphene [160], carbon nanotubes [161],
carbon aerogels [118,162] and carbide-derived carbons [VII-XIV] leading to
large increases in activity. On the stability side, unfortunately, these materials are
also problematic as doping is difficult to achieve uniformly in the whole material.
The progress made in the last decade in NPMCs for PEMFCs has led to the
technology already being commercialised in smaller devices [163], however, it is
clear that for NPMCs to be viable in automotive PEMFCs, more advances need
to be made in both activity and stability [34,38,39,164].

4.6 AEMFCs using non-precious metal cathode catalysts

AEMEFC technology is somewhat younger and underdeveloped compared to the
mature PEMFC technology, largely due to the difficulty in achieving similar ionic
conductivities for OH as for H" and the low chemical (and mechanical) stabilities
of membranes and ionomers at high pH as well as their susceptibility to carbonation
[165]. However, in the last 10 years, significant enhancements have been made
in solving all of these problems, leading to AEMFCs with performances compar-
able to and even exceeding those of PEMFCs, albeit with CO,-free air [166,167].
Even less data has been published with NPMCs as the cathode or anode, albeit in
recent years the field of AEMFCs has seen significant growth [16,168—170]. As
discussed in section 4.2, the ORR in alkaline conditions is somewhat more complex
than in acidic due to the competing inner- and outer-sphere reactions. However,
this also means that a variety of NPMCs can catalyse the ORR efficiently
[171,172]. Recently, Sarapuu et al. have reviewed the application of M-N-C type
catalysts and heteroatom-doped nanocarbon catalysts as cathode materials in
AEMFCs [173]. Oxides, such as MnO, and Co304 [174—176] as well as spinels
[177], cobalt ferrite [178] and silver [179], have shown significant performances
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in AEMFCs or alkaline conditions in addition to carbon-based catalysts. Due to
the lack of an available AEM and anion exhcange ionomer (AEI), such as the
Nafion™ standard in PEMFCs, it is difficult to compare the performances of
different NPMCs achieved with different AEMs and AEIs. Usually the activity
is compared to a Pt/C standard catalyst, but some types of ionomers are known
to have an enhanced effect on the ORR activity of Pt/C [180]. As such, rotating
disk electrode (RDE) results are commonly reported instead. The ORR activity
of carbon-based catalysts has steadily increased during the decade, with M-N-C
catalysts going from a kinetic current density (ji) at 0.8 V vs RHE of 1.5 mA cm™
[181] to up to 32 mA cm? at 0.8 V [XIV] in RDE studies. In real MEAs, the
increase has also been significant, with maximum power densities rising from
<100 mW cm ™ [16] to over 1 W cm™ [182], albeit as discussed, it is difficult to
ascertain how much of it has been due to system-level enhancements and how
much from the advances done in catalysts. In the case of M-N-C materials, a
common problem in AEM MEAs is known to be the active site density of such
materials. Due to the need for such a small concentration of active sites to
efficiently transform O, into OH", local mass transfer losses in the ionomer layer
can be very high [183]. As such, an addition of secondary catalytic centres (such
as the already described MnO; [182]) or higher amount nitrogen moieties such as
pyridinic or quaternary (graphitic) N [IV-VLIX,X,XIV] can lead to massive
enhancements in fuel cell performance. Some studies have completely forgoed
metals and opted to rely on nitrogen moieties completely, as described in
subsection 4.3.2, but fuel cell studies on such materials are few and far between
and commonly have lower activities than those incorporating metals [184] [II].
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5. AIMS OF THE STUDY

The aim of this PhD project was to create novel electrocatalysts, study the activity
of non-precious metal catalysts based on advanced carbon supports towards the
ORR and as cathodes in polymer electrolyte fuel cells and derive synthesis-
structure-activity correlations from this study. The work was divided into three
parts, with the following aims:

1. To develop nitrogen-doped graphene/MWCNT composite materials and
nitrogen-doped CDC catalysts, characterise their physico-chemical properties
and activity towards the ORR and as a DMFC cathode [I-IIL, VII].

2. To develop iron-/cobalt- and nitrogen-doped MWCNT catalysts, characterise
their physico-chemical properties and electrocatalytic activity towards the
ORR and in DMFC/AEMFC [IV-VI].

3. To develop iron-/cobalt- and nitrogen-doped CDCs or CDC/MWCNT
composite catalysts, characterise their physico-chemical properties and activity
towards the ORR and in DMFC/AEMFC/PEMEFC [VIII-XIV].
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6. EXPERIMENTAL

6.1 Purification of carbon nanotubes

For the purification of MWCNTs from traces of metal catalysts used in their
production, they were leached in a mixture of concentrated H,SO4 and HNO3 using
a procedure developed in our laboratory [143]. Shortly, 500 mg of MWCNTs
(purity >95%, diameter 3010 nm, length 5-20 pm from Nano-Lab, USA [I-VI]
or NC7000, Nanocyl SA, Belgium [X,XII]) were weighed into a 500 ml three-
necked reactor. After that 25 ml of concentrated H,SO4 and 25 ml of concentrated
HNOs3; was added to the MWCNTs. The mixture was then heated on a magnetic
stirrer for 2 h at 50 °C and for 2 h at 80 °C. After cooling the MWCNTs were
washed with Milli-Q water on a vacuum filter and dried at 60 °C.

6.2 Synthesis of graphene oxide

Graphene oxide (GO) is a graphene-based material with oxygen-containing
functionalities (carbonyl, carboxylic, epoxy and hydroxyl groups) on the surface
[127]. It is commonly prepared by chemical exfoliation of graphite and reduction
of GO back to graphene is a common method for graphene production. The high
concentration of oxygen-containing groups also makes it easy to dope with
heteroatoms [127]. To prepare GO, graphite powder (Graphite Trading Company)
was oxidised by a modified Hummers’ method [185,186]. Firstly, 50 ml of
concentrated sulphuric acid and 2.0 g of graphite powder were mixed in a 250 ml
beaker at room temperature. Then, the mixture was sonicated for 1 h. Next, sodium
nitrate (2.0 g) and potassium permanganate (6.0 g) divided to smaller portions
were slowly added into the beaker in a sequence. At the same time the mixture
was stirred on a magnetic stirrer. Afterwards, the mixture was heated at 35 °C for
18 h. When the heating was completed, the beaker was put into an ice bath and
80 ml of deionised water was added into the solution. After few minutes, 20 ml
of H,0, (30%, Merck) was added. The mixture was then washed few times with
10% HCI solution and with water on a vacuum filter. Finally, the obtained brown
solid was dried in vacuum at 75 °C [LII].

6.3 Synthesis of carbide-derived carbons

All of the CDC materials used in the work were purchased from Skeleton Techno-
logies OU (Estonia). Micro/mesoporous CDC samples were made from titanium
carbide [ VII-XII], titanium carbonitride [ VII], silicon carbide [XIIL,XIV], boron
carbide [XI,XII] or molybdenum carbide [XII] by using a chlorination procedure
described elsewhere [187]. Generally, carbide powder was placed into a horizontal
quartz-tube reactor and was treated with chlorine gas (2.8, AGA) at a flow rate of
1.5 L min" at 900 °C. After that, the reactor was heated up to 1000 °C and flushed
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with argon (4.0, AGA, 1 L min™") to remove the excess of chlorine and other
gaseous by-products from carbon. The deep dechlorination of CDC powder was
done using hydrogen (4.0, AGA, 1 L min') flow at 800 °C. For the titanium
carbide-derived carbon (TiCDC) used in [X,XI], a post-activation process was
undertaken. CDC powder (5 g) was placed in a quartz reaction vessel and loaded
into tubular horizontal quartz reactor. Thereupon the reactor was flushed with
argon to remove air and the furnace was heated up to 800 °C. Then the CDC was
treated with hydrogen gas (4.0, AGA, 1 L min™") for 0.5 h, after that the tem-
perature was raised to 900 °C. The argon flow was then passed at a flow rate of
1.5 L min~' through distilled water heated up to 75-80 °C and the resultant
argon/water vapour mixture was let to interact with a carbon at 900 °C for the
predetermined time (30 or 45 min). After that, the reactor was flushed with argon
for 30 more minutes at 900 °C to complete the activation of a carbon surface and
then slowly cooled to room temperature in argon atmosphere [188].

6.4 Synthesis of nitrogen-doped MWCNT/graphene
composite material

Following purification described in section 6.1, the nanotubes were sonicated in
ethanol until a homogeneous dispersion was achieved. GO was weighed and
added so that the amount of GO would correspond to the weight of the nanotubes.
Then either dicyandiamide (DCDA), urea [LII] or biuret (BR), carbohydrazide
(CH) or semicarbazide hydrochloride (SC) [III] as nitrogen precursors and poly-
vinylpyrrolidone (PVP) as a dispersing agent were added. In what follows, these
catalyst materials are designated as 1-NC (doped with urea), 2-NC (doped with
DCDA), NG/NCNT-BR (doped with biuret), NG/NCNT-CH (doped with carbo-
hydrazide) and NG/NCNT-SC (doped with semicarbazide) accordingly. The
amount of nitrogen precursor was 20 times that of carbon nanomaterial. The final
mixture was further sonicated for 2 h and then dried at 75 °C in vacuum. The
material was gathered into a quartz boat and pyrolysed in flowing argon atmosphere
at 800 °C for 2 h. After that the furnace was slowly cooled to room temperature
and the product was collected and weighed.

6.5 Synthesis of Fe-,Co- and nitrogen-doped
carbon nanotubes

MWCNTs purified according to the procedure in section 6.1 were suspended in
ethanol by sonication for 30 min. FeCls (anhydrous, Sigma-Aldrich) or CoCl,
(anhydrous, Sigma-Aldrich) was added to homogeneous suspension, the amount
of Fe corresponded to 2.5% and the amount of Co to 5% of the weight of the
MWCNTs. After that DCDA (Sigma-Aldrich) as the nitrogen precursor was
added; the mass ratio of DCDA to MWCNTs was 20:1. PVP was added as a
dispersing agent. The suspension was sonicated for 2 h and dried in vacuum at
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70 °C. The material was pyrolysed in a quartz tube furnace in flowing N, atmo-
sphere by raising the temperature at a rate of 10 °C min™' to 800 °C and keeping
at this temperature for 2 h. After that the quartz tube was removed from the heating
zone to speed up the cooling process and the product was collected. These as-
prepared materials are designated as Co/N/MWCNT [IV], Fe-NCNT-1 [V]
Fe-NCNT1 and Co-NCNTI1 [VI]. An acid leaching treatment was applied to
remove soluble metal species from the catalysts. The materials were kept in a
mixture of 0.5 M HNO; and 0.5 M H,SO4 at 50 °C for 8 h and washed repeatedly
with Milli-Q water. The catalysts were then dried overnight in vacuum at 60 °C
and subjected to a second pyrolysis, which was conducted in the same conditions
as the first one (800 °C for 2 h). The resulting materials are designated as
Fe-NCNT-2 [V], Fe-NCNT2 and Co-NCNT?2 [VI].

6.6 Synthesis of doped carbide-derived carbon catalysts

To enhance their electrocatalytic activity towards the ORR, the CDC materials
synthesised by the procedures described in section 6.3 were doped with Fe or Co
and/or nitrogen. For doping with only nitrogen, TiC-derived CDCs (nominated
1094 and 130614-2, both made from TiC using different procedures known only to
Skeleton Technologies) were first ball-milled in a Fritsch Pulverisette 7 mill using
5 mm ZrO; balls. The material was weighed over 50 ZrO, balls into a ball-milling
container and ethanol was added to achieve a motor-oil like viscosity. PVP was
also added in an amount according to 1/10 of the carbon material to enhance the
ball-milling process. The catalysts were ball-milled for 1 h, after which the material
was washed, dried and weighed. To the milled CDC material, 20 times the weight
of the carbon material of DCDA was added in ethanol. The mixture was sonicated
for 2 h to achieve a homogenous dispersion and dried in vacuum at 75 °C. The
material was collected into a quartz boat and pyrolyzed in a flowing nitrogen
atmosphere at 800 °C for 2 h. After that the furnace was slowly cooled to room
temperature and the products were collected and weighed. These materials are
nominated 1094-N and 13-N, respectively [VII].

For synthesising an N-doped carbon from TiCN, titanium carbonitride
(TiCosNos, H.C. Starck, Lot. 75624, 150 g) powder was treated with chlorine gas
(2.8, AGA) in the horizontal tubular quartz furnace for 4 h at 800 °C. A flow-rate
of chlorine was 2.5 1/min. Gaseous titanium tetrachloride, produced during the
chlorination process, was neutralised in alkali solution. During heat-up and cooling
the reactor was purged with argon. The reaction product (carbon powder) was
additionally purified in hydrogen flow at 800 °C during 2.5 h to remove all the
chlorine residues left in the carbon. The overall yield of the process was 5.1 g of
the N-doped porous carbon powder. This catalyst is nominated 040-N. [VII]

For doping with cobalt and nitrogen, the same procedure as for 1094-N and
13-N was followed (the precursor carbon here was 1094), but CoCl, (anhydrous,
Sigma-Aldrich) with the Co corresponding to 5 wt.% of the CDC was added in
the dispersion and sonication step. After the first pyrolysis, an acid leaching
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treatment was applied to remove soluble metal species from the catalyst. The
material was kept in a mixture of 0.5 M HNO3 and 0.5 M H,SO4 at 50 °C for 8 h
and washed repeatedly with Milli-Q water. The catalyst was then dried overnight
in vacuum at 60 °C and subjected to a second pyrolysis, which was conducted in
the same conditions as the first one (800 °C for 2 h). The resulting material is
designated as Co/N/CDC [I1X] or Co-N-CDC [VIII].

Fe- and N-doped CDC-based materials were synthesised with a variety of methods
and precursors:

1)

2)

3)

Fe/N/CDC [IX] and Fe-N-CDC [VIII] were synthesised with the same method
as Co/N/CDC and Co-N-CDC, except that 2.5 wt.% of FeCl; (anhydrous,
Sigma-Aldrich) was added to the precursor mixture instead of CoCl..

For the synthesis of Fe;-N/CDC-1 and Fe,-N/CDC-2 [X1], the following pro-
cedure was followed: CDC powders produced from titanium carbide and boron
carbide were received from Skeleton Technologies OU (Estonia). In a typical
synthesis, 200 mg of CDC along with 50 mg of 1,10-phenanthroline and the
appropriate mass of iron(Il) acetate to reach either 0.5, 1 or 2 wt.% Fe in the
overall catalyst precursor before pyrolysis (e.g. 8 mg iron(Il) acetate for
1 wt.% Fe in catalyst precursor) were weighed and placed into a ZrO; planetary
ball-mill with 100 ZrO, balls of 5 mm diameter and ball-milled for 4 segments
of 30 min with 5 min cool down periods between each segment at a rotation
rate of 400 rpm. The resulting powder was then pyrolysed in a quartz tube oven
at 800 °C under Ar flow for 1 h. The pyrolysis duration at 800 °C was controlled
by quickly inserting the quartz boat into the heating zone using a magnet, and
removing the tube from the oven after 1 h had passed. The catalysts are named
in the following text by their iron content before pyrolysis and precursor type.
For example, the boron carbide-derived catalysts with 1.0 wt.% of iron in the
catalyst precursor before pyrolysis has the designation of Fe;-N/CDC-1.

For the synthesis of Fe-N-C catalysts from SiCDC [XIII], the following pro-
cedure was followed: CDCs made from silicon carbide were purchased from
Skeleton Technologies OU (Estonia). The CDCs were weighed (typically
200 mg) along with 1,10-phenanthroline (Sigma-Aldrich, 100, 50 or 25 mg)
and iron(I) acetate (Sigma-Aldrich, 4 mg) and poured into a ZrO, grinding
jar along with 100 ZrO; balls of 5 mm in diameter. To certain mixtures, ZnCl,
was also added as a pore-forming agent. This powder mixture was then ball-
milled at a given rotation rate of the ball-miller (either 100, 200, 400 or 800 rpm)
with 4 consecutive cycles of 30 min segments and 5 min cool-down periods.
The catalysts are labelled Fe,-Phen,-SiCDC-Znc d rpm, where a is the amount
of Fe in the starting catalyst mixture, in wt.%, and b is the amount of Phen in
wt.% with respect to the mass of both CDC and Phen, c is the mass ratio of
ZnCl; to CDC in the mixture (where applicable) and d is the rotation rate of
the ball-miller. The milled powder was then pyrolysed in a tubular furnace
under Ar atmosphere for 1 h and the tube was then removed from the heating
zone to quickly cool down the sample. For comparison, a catalyst was also
synthesised by dispersing the CDC in an ethanol solution of Phen (50 mg) and
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iron(II) acetate, which was then dried and pyrolysed at the same conditions as
the ball-milled catalysts. This catalyst is labelled Feos-Phenyo-SiCDC-wet.
Catalysts without any Phen in the starting mixture and without both Phen and
ball-milling were also prepared.

4) For comparing the effect of different ball-milling conditions [XIV], a syn-
thesis protocol was followed: the SiCDC material (200 mg) was weighed and
poured into a ZrO; grinding jar, which contained also either 50 ZrO, balls of
5 mm in diameter or 20 g of ZrO, beads of 0.5 mm in diameter. After that,
50 mg of Phen (Acros Organics) and 4 mg of iron(Il) acetate (Sigma-Aldrich)
was added. After this, the grinding jar was sealed and rotated in a planetary
ball-mill at either 100, 200, 400 or 800 rpm with 4 consecutive cycles of 30 min
segments and 5 min cool-down periods between each cycle. The catalysts are
labelled FeN-SiCDC-x-y, where x is the diameter (in mm) of the ZrO» beads
and y is the rotation rate of the ball-miller (in rpm). Some materials were ball-
milled in the presence of ethanol and these have the suffix (-wet) added to the
catalyst name. The steps were as described above, except that 4 ml of ethanol
was added before sealing the grinding jar. For one selected catalyst
(FeN-SiCDC-0.5-400-wet-PVP), 20 mg of PVP and 4 ml ethanol were added
in order to further enhance the ball-milling process. After the ball-milling, all
catalyst precursors were sieved to remove the balls, dried and flash pyrolyzed
(quickly entered into the heating zone when the furnace was already hot and
quickly removed afterwards) at 800 °C for 1 h in inert atmosphere and quickly
removed from the heating zone afterwards.

6.7 Synthesis of doped carbide-derived carbon and
MWCNT composites

Fe- and N-doped composite catalysts were also prepared from CDCs and
MWCNTs. For doping the 1094 CDC material with iron and nitrogen [X], 20 mg
of CDC along with 5 mg of Phen and 0.8 mg iron(Il)acetate (for 1 wt.% Fe in
catalyst precursor before pyrolysis) were placed into a planetary ZrO, ball-mill
along with 50 ZrO, balls with a diameter of 5 mm. The mixture was ball-milled
for 4 segments of 30 min using a rotation rate of 400 rpm with 5 min stationary
periods in between to cool down the mixture and the mill. The mixture of Phen,
CDC and iron(II) acetate was then pyrolysed in a quartz tube oven under N» flow
at 800 °C using flash pyrolysis. The resulting catalyst is named Fe—N/CDC-1.
20 mg of Fe—N/CDC-1 was then mixed together with 20, 10 or 40 mg of
MWCNTs (Nanocyl SA, Belgium), 20 times the amount (in mass) of DCDA to
carbon nanotubes and 0.8, 0.4 or 1.6 mg of iron(Il) acetate (to keep the iron to
carbon ratio the same) and a small amount of PVP, then ball-milled and pyrolysed
again using the same procedure. According to the relative contents of Fe—N/CDC
and MWCNT, these catalysts are designated as Fe—N/comp-0.5 (that is 0.5 parts
of Fe—N/CDC to 1-part of MWCNT), Fe—N/comp-1 and Fe—N/comp-2.
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For the synthesis of Fe-N-CDC catalyst from B4C (CDC-1), Mo,C (CDC-2)
and TiC (CDC-3) [XII], the following procedure was followed: The as-purchased
CDC material (100 mg) was mixed with Fe(OAc), (2 mg) and Phen (25 mg) for
a total mass of iron of 0.5 wt.% in the catalyst precursor mixture. The mixture
was ball-milled with 50 ZrO, balls of 5 mm diameter in a ZrO; grinding jar. This
mixture was then transferred into a ceramic boat and pyrolysed at 800 °C for 1 h
with the boat inserted and removed from the heating zone quickly. After this,
100 mg of MWCNTs (Nanocyl, Belgium), 2000 mg of DCDA and 10 mg of PVP
along with another 2 mg of Fe(OAc), were added to the pyrolysed material and
milled and pyrolysed again with the same protocol. An acid etching step in a
mixture of 0.5 M H,SO,4 and 0.5 M HNO; to remove inactive metal species was
then undertaken and after that the materials were again pyrolysed at 800 °C for
30 min. The samples are named Fe-Phen-comp-1 (derived from B4C), Fe-Phen-
comp-2 (derived from Mo,C) and Fe-Phen-comp-3 (derived from TiC). Catalysts
with no CNT addition step were also synthesised and studied, these are named
Fe-Phen-CDC-1, Fe-Phen-CDC-2 and Fe-Phen-CDC-3.

6.8 Electrode preparation and electrochemical
measurements

Oxygen reduction polarisation curves were measured using the rotating disk
electrode (RDE) method. The experiments were undertaken using six different
rotation rates (), from 4600 to 360 rpm. The speed of the electrode was con-
trolled using a CTV101 speed control unit connected to an EDI101 rotator (Radio-
meter). A three-electrode electrochemical cell filled with 0.1 M KOH solution
(p.a. quality, Merck) or 0.5 M H,SO, solution (p.a. quality, Merck), which was
saturated with O, (99.999%, AGA) or Ar (99.999%, AGA), was used to carry out
the experiments at room temperature (23 + 1 °C). A gas flow was maintained over
the solution during the experiments. All the potentials are referred to saturated
calomel electrode (SCE), which was the reference electrode for these experi-
ments. A platinum coil or carbon rod separated from the cell by a glass frit served
as the counter electrode. The experiments were controlled using an Autolab
potentiostat/galvanostat PGSTAT30 (Eco Chemie B.V., The Netherlands) via
General Purpose Electrochemical System (GPES) or NOVA 2.0 software. For the
substrate material, GC disks (GC-20SS, Tokai Carbon, Japan) with geometric
area (4) of 0.2 cm” were pressed into a Teflon holder and the electrodes were
polished to a mirror finish with 1 and 0.3 pm alumina slurries (Buehler). To clean
the electrodes from polishing debris, sonication in both 2-propanol and Milli-Q
water for 5 min was undertaken. The catalyst material suspensions in water [I,II]
or ethanol [I1I-X] (1 mg ml™") containing either Tokuyama OH ™ ionomer AS-4
(Tokuyama Corporation, Japan), FAA3 ionomer (Fumatech, Germany) or Nafion
were pipetted onto the GC disk electrodes. The concentrations of ionomer in the
suspensions were varied and are given in the results section under the relevant
results. The suspensions were then homogenised via sonication for 1 h prior to
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modifying the electrodes. After that the suspension was pipetted onto the GC
surface in fractions to cover the surface of GC uniformly and allowed to dry in
air. The final loadings of the catalysts are given in the results section next to the
relevant Figures.

In [XI-XIII], a different setup was used for electrochemical testing using the
RDE method. The GC electrodes (Pine Research, Grove City, PA, USA) were
used as a substrate for the catalyst. The geometric area of the GC disks was
0.196 cm? and all currents are normalised to this area (current density). To modify
the GC disk electrodes with the catalysts, inks were prepared with 10 mg of catalyst,
300 pl of ethanol, 108 pl of Nafion and 37 ul of H,O. The ink was then sonicated
for 1 h and pipetted onto a GC electrode in a single 7 pl aliquot, giving a catalyst
loading of 0.8 mg cm 2. The working electrode was then inserted into an electro-
chemical cell filled with 0.5 M H,SO4 (made from 95-97% H,SOs, Sigma-
Aldrich), which was saturated with O,. The reference electrode was a reversible
hydrogen electrode (RHE) and a carbon rod was used as the counter electrode.

The specific polarisation programs were varied during the study and are given
in the results part to simplify reading.

6.9 MEA preparation and fuel cell tests

The activity of the catalysts prepared in this study was investigated in DMFCs
[1L,V,VIII], PEMFCs [X,XIII] and AEMFCs [IV,IX,X,XIV].

For testing the activity of 2-NC in a DMFC [II], a FAA3 membrane (Fumatech)
was ion-exchanged in 0.5 M NaOH with stirring for 1 h and washed in deionised
water. Before assembling the fuel cell, the membrane was soaked in 1 M MeOH.
The cathode catalyst inks were prepared by mixing with isopropanol and 12 wt.%
solution of FAA3 ionomer in N-Methyl-2-pyrrolidone. The components were
first mixed by a magnetic stirrer for 45 min, then subjected to 10 min of sonication
and finally mixed by a magnetic stirrer overnight. The resulting slurry was
painted on a pre-weighed GDL with a microporous layer (FuelCellEtc GDL-CT)
by an air brush and dried in a vacuum oven at 40 °C for 1 h. The GDL was then
weighed to determine the weight of the dry catalyst layer. The catalyst loadings
on the cathodes were 2.2+ 0.3 mgcm 2. The same procedure was used to
fabricate a reference MEA with Pt supported on a high-surface-area carbon (Alfa
Aesar, 60 wt.% Pt). The FAA3 content in this case was 30 wt.% according to the
optimised value reported by Carmo et al. [189] and the Pt loading was 0.5 mg cm ™.
The anode electrodes for the MEAs were fabricated from PtRu supported on high-
area carbon (Alfa Aesar, 40 wt.% Pt, 20 wt.% Ru) with similar method as the
cathodes. The FAA3 ionomer content in this case was 30 wt.% and the PtRu
loading was 3.0 0.2 mg cm 2. The MEAs were not hot-pressed due to the
sensitivity of the FAA3 membrane to pressure and temperature. The fuel cell was
assembled with a FAA3 membrane, painted electrodes and Teflon® gaskets. The
cell was then clamped together with eight screws and tightened to a torque of
10 Nm. The active area of the fuel cell was 5.29 cm? and the temperature 40 °C.
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Cell voltage and current were controlled by a Metrohm Autolab PGSTAT20
potentiostat with a BSTR10A booster. The flow rate of 1 M MeOH was
2.0 ml min"" and for O, the flow rate was 200 ml min"'. Once the open circuit
voltage (OCV) stabilised, polarisation curves were measured with a voltage
sweep from the OCV to 0.05 V at a scan rate of 2 mV s '. After measurements,
the samples for scanning electron microscopy (SEM, JEOL JSM-7500FA) were
cut from the MEA.

For the DMFC activity tests of Fe-NCNT-2 [V], the conditions were the same,
but the catalyst loading on the Fe-NCNT-2 cathode was 1.50 mg cm 2 and on the
Pt/C cathode 1.35 mg cm 2 The ionomer content for the Pt/C catalyst layer was
30 wt.% of its dry mass and for Fe-NCNT-2 40 wt.%. A higher content in the
latter case was used to improve the dispersion of the catalyst to the ink. The anode
electrodes for the MEAs were fabricated from PtRu supported on high-area
carbon (Alfa Aesar, 40 wt.% Pt, 20 wt.% Ru) with similar method as the cathodes.
The FAA3 ionomer content in this case was 30 wt.% and the PtRu loading was
3.5 mg cm . The flow rate of 1 M methanol at the anode was 0.5 ml min"' and
200 ml min™" for dry O at the cathode.

For testing the activity of Fe-N-CDC and Co-N-CDC in a DMFC [VIII], the
preparation and testing conditions were the same, but the catalyst loadings were
1.73 mg cm 2 on the Fe-N-CDC cathode, 1.83 mg cm 2 on the Co-N-CDC cathode
and 1.27 mgp, cm ? on the Pt/C cathode. The PtRu loading on the anode was
4.25 + 0.10 mgpry cm 2. The ionomer content in the catalyst layers was 30 wt.%
of the total electrode mass. The fuel solution at the anode was first 1 M methanol
at 0.2 ml min'. The cell was let to stabilise until the OCV did not change and
then polarisation curves from OCV to 0.05 V (v=3 mV s ') were measured until
reproducible performance was achieved. Then the fuel solution was changed to
1 M methanol in 0.1 M KOH and the measurement procedure repeated.

For PEMFC testing in [X], the ink formulation for MEA preparation was the
following: 20 mg of Fe—-N—C cathode catalyst material mixed in 652 pL of 5 wt.%
Nafion solution containing 15-20% water, 326 puL of pure ethanol and 272 puL of
water. Then the inks were deposited on a clean gas-diffusion layer (Sigracet
S10-BC) in 400 pL aliquots. The cathodes were dried at 80 °C for at least 2 h.
The anode used for all PEFC tests was a commercial Pt/C catalyst with a loading
of 0.5 mgp, cm ? on Sigracet S10-BC. The MEAs were prepared by hot-pressing
the anode and cathode (both 4.84 cm?) on a Nafion NRE-211 membrane at 135 °C
for 2 min using a force of 500 Ib. The MEAs were then sandwiched in a single-
cell (Fuel Cell Technologies, USA) using a torque of 10 Nm. A Bio-Logic poten-
tiostat with 50 A load in an in-house fuel cell testing station and EC-Lab software
were used to evaluate MEA performance of the catalysts, while the temperature
of a fuel cell was kept at 80 °C. Pure O, was used on the cathode and pure H on
the anode side of PEMFC. The gases were pre-humidified to 100% RH. The cell
temperature was 80 °C during the measurements and the humidifiers were kept
at 90 °C to ensure 100% RH. A reference measurement using the same condi-
tions, but a 5 wt.% Pt/C cathode catalyst with a loading of 80 pgp cm 2, was also
conducted.
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For PEMFC testing in [XIII], first 32 mg of the catalyst was dispersed in
1043 uL of 5 wt.% Nafion solution, 522 uL of pure ethanol, and 435 pL of water.
Then the inks were spread evenly on gas-diffusion layers (Sigracet S10-BC) in
250 pL aliquots and dried at 800 °C for at least 2 h. The anode used for all PEMFC
tests was a commercial Pt/C catalyst with a loading of 0.5 mgp, cm > on Sigracet
S10-BC (Baltic Fuel Cells). The MEAs were prepared by hot-pressing the anode
and cathode (both 8 cm?) on a Nafion NRE-211 membrane at 135 °C for 2 min
using a force of 500 1b. The MEAs were then sandwiched in a homemade single
cell with serpentine flow fields using 3 bar of compression. A bipotentiostat
(BioLogic) with EC-Lab software was used to evaluate MEA performance of the
catalysts. Pure O, was used on the cathode and pure H» on the anode side of
PEMFC, with 2 bar total gas pressure. The gases were pre-humidified to 100%
RH. The cell temperature was 80 °C during the measurements, and the humi-
difiers were kept at 82 °C to ensure 100% RH in the cell.

For AEMFC tests with Co/N/MWCNT-1 [IV], MEAs were fabricated with
commercial carbon-supported Pt catalyst (Pt/C) as anode catalyst and Co/N/
MWCNT-1 on cathode sides of the Tokuyama anion exchange membrane (A201,
Tokuyama Corporation, Japan). MEAs were also fabricated with commercial
Pt/C catalyst both as anode and cathode for comparison purposes. The catalyst
ink was prepared by adding Milli-Q water to catalyst material (2 mL for 100 mg
of catalyst). To extend the reaction zone of the catalyst layer, 5 wt.% ionomer
(AS-4 ionomer, Tokuyama Corporation, Japan) dispersion (0.8 mL for 100 mg
of catalyst) was added to the catalyst slurry. The catalyst layer was coated on the
A201 AEM with 5 cm? geometrically active area by spraying method on both sides
of the membrane and vacuum-dried at 70 °C for 15 min. The catalyst loadings
were about 0.4 and 0.6 mg cm ™ on the anode and cathode sides, respectively. The
MEA was assembled by sandwiching the catalyst coated membrane inside the test
cell (Fuel Cell Technologies, Inc., Albuquerque, NM, USA) with gas diffusion
layers (fabricated by a wire rod coating method) on both sides. Gas sealing was
achieved by using silicone coated fabric gasket (Product # CF1007, Saint-Gobain
Performance Plastics, USA) and with a uniform torque of 0.45 kg m. The single-
cell fuel cell performance was evaluated with humidified (100% RH) H, and
O, gases from 35 to 50 °C using Greenlight Test Station (G50 Fuel Cell System,
Hydrogenics, Vancouver, Canada). The gas flow rates were fixed at 100 and
200 SCCM for H; and O, respectively.

In AEMFC tests in [IX], the M/N/CDC catalysts were also used as the cathode
catalysts for H,/O, fuel cells using a commercial Pt/C anode catalyst and
Tokuyama A201 series AEM as the polymer electrolyte. The catalyst materials
were dispersed in a mixture of deionised water and 5 wt.% Tokuyama AS-4
ionomer (0.8 ml per 100 mg of catalyst) by sonication followed by mixing on a
magnetic stirrer for at least 24 h. The catalysts were then coated on a Tokuyama
A201 AEM and dried in vacuum at 40 °C. The geometric area of the catalyst layers
was 5 or 4.84cm’ and the catalyst loading for anode and cathode 1 and
1.5 mg cm 2, respectively. After drying, the catalyst-covered membrane was
soaked in 0.1 M KOH overnight to convert the membrane into OH™ form, washed
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with deionised water and then hot-pressed between Sigracet 29-BC gas diffusion
layers at 80 °C using a force of 500 1b. For comparison, a MEA with a cathode of
46.1 wt.% Pt/C catalyst (TKK) was also fabricated using the same method. For
fuel cell testing, the MEA was sandwiched in a test cell (Fuel Cell Technologies
Inc., Albuquerque, USA) with Teflon gasketing using a torque of 8 Nm. The
single-cell fuel cell performance was evaluated with humidified (100% RH) H»
and O gases at 50 °C using Greenlight Fuel Cell Test Station (G50 Fuel Cell
System, Hydrogenics, Vancouver, Canada). The flow rates for O, and H, were
0.8 and 0.4 nlpm, respectively.

To compare the ORR activity of Fe-N-comp catalysts in [X] determined from
the RDE tests to Pt/C in a real fuel cell environment, single-cell H,/O, AEMFC
testing was undertaken. First, 50 mg of the catalyst (Fe—N-comp or Pt/C) was
suspended in 1 ml of water and 375 pl of Tokuyama AS-4 ionomer solution and
sonicated for 2 h. The suspension was then stirred on a magnetic stirrer for at least
24 h and sonicated for another hour before painting it on Tokuyama A201 AEM.
The geometric area for the catalyst layer was 6.25 cm? for the MEA tests, the
anode loading was 1.1£0.1 mg cm 2 (0.46+0.05 mgp cm 2) and the cathode loading
was 2.6£0.2 mg cm 2. For comparison, a MEA with a cathode of 46.1 wt.% Pt/C
catalyst (TKK) was also fabricated using the same method with a geometric area
of 4.84 cm?, for which the loadings on the anode and cathode were 1 and
2.3 mg cm %, respectively. The corresponding Pt loadings were thus 0.46 and
1.06 mgp, cm 2. For fuel cell testing, the MEA was sandwiched in a test cell (Fuel
Cell Technologies Inc., Albuquerque, USA) with Teflon gaskets using a torque
of 8 Nm. The gas-diffusion layers used were AvCarb P50 on the anode and
Sigracet 29-BC on the cathode side. The single-cell fuel cell performance was
evaluated with H, and O, gases at 50 °C using Greenlight Fuel Cell Test Station
(G50 Fuel Cell System, Hydrogenics, Vancouver, Canada). The anode was kept
at 80% RH and the cathode at 100% RH. The flow rates for O, and H, were
1 nlpm and the backpressure was 20 kPa.

MEAs for AEMFC measurements in [XIV] were prepared by first dispersing
the catalyst in a 3:1 mixture (by volume) of methanol:Milli-Q water. The mixture
contained 1 wt.% total of solids, which in turn was comprised of 85% catalyst
and 15% of hexamethyl-p-terphenyl poly(benzimidazolium) (HMT-PMBI)
ionomer [190]. The dispersion was sonicated for 1 h, after which it was pipetted
onto a Freudenberg H23C4 GDL of geometric area of 5 cm? in 200 pl aliquots
(multiple droplets of the solution were deposited). The loading of FeN-SiCDC
catalyst on the cathode was 2 mg cm 2. PtRu/C catalyst (Alfa Aesar HISPEC™
12100 50 wt.% Pt, 25 wt.% Ru) with a loading of 0.8 mgpr, cm 2 on Freudenberg
H23C4 GDL was used as the anode. The ink formulation and electrode pre-
paration procedure for the anode was the same as for the cathode. The electrodes
and the HMT-PMBI membrane were soaked in 1 M KOH solution for 1 day prior
to testing and then installed into a 5 cm?® single cell (Fuel Cell Technologies,
USA) and the cell assembled with a torque of 7 N m. The single cell fuel cell
performance was evaluated at the cell temperature of 60 °C with Greenlight Fuel
Cell Test Station (G50 Fuel cell system, Hydrogenics, Vancouver, Canada). Fully
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humidified oxygen (0.2 NLPM) and 82% RH hydrogen (0.4 NLPM) were fed
into the cell with a backpressure of 200 kPa.

6.10 Physical characterisation methods

Scanning electron microscopy (SEM) images were taken of the carbon materials
and catalysts by first coating a GC disk substrate similar to the RDE electrode or
a Si wafer plate with the material. Images were then taken using a Helios™
NanoLab 600 (FEI) scanning electron microscope.

Transmission electron microscopy (TEM) was performed by pipetting an
aliquot of the studied material in isopropanol on a TEM grid, which was then
studied under a high-resolution (scanning) transmission electron microscope
(HR-(S)TEM) Titan 200, equipped with an energy dispersive X-ray (EDX) Super
X detector system (FEI).

Raman spectra were recorded using a Renishaw inVia micro-Raman spectro-
meter (spectral resolution 2 cm™') employing the 514 nm line of an argon-ion
laser for excitation.

N> adsorption/desorption isotherms of the catalyst samples were recorded at
the boiling temperature of nitrogen (77 K) using a NovaTouch LX2 Analyser
(Quantachrome) or a Micrometrics TRISTAR analyzer. The samples were de-
gassed under vacuum at 200 °C for at least 24 h and backfilled with N, gas before
the measurement. The specific surface area (Sger) was calculated according to
either the Brunauer-Emmett-Teller (BET) theory or the quenched solid density
functional theory (QSDFT) up to a nitrogen relative pressure of P/Py=0.2. The
total volume of pores (Vi) was measured near to saturation pressure of N,
(P/Py=0.97). The microporosity (V) was calculated from t-plot method using
deBoer statistical thickness. The average diameter of pores (d,) was calculated
for a slit-type pore geometry using the following equation: dp = 2Vio/Sger. The
calculations of pore size distribution (PSD) from N, sorption isotherms were done
using a QSDEFT equilibria model for slit type pore.

The powder X-ray diffraction (XRD) patterns were collected with a Bruker
D8 Advance diffractometer with Ni filtered Cu Ka radiation and LynxEye line
detector. Scanning steps of 0.013°20 from 5 to 90°260 and a total counting time of
173 s per step were used. Alternatively, XRD analysis was conducted using a
PANanalytical X Pert powder X-ray diffractometer and with Cu Ka radiation
from 10 to 90° 20 using a step size of 0.033° 20.

XPS measurements were conducted using a SCIENTA SES 100 spectrometer.
For excitation the Mg Ka radiation (1253.6 eV) from the nonmonochromatic twin
anode X-ray tube (Thermo XR3E2) was used. All of the XPS spectra were acquired
under ultrahigh-vacuum conditions. The survey scan was collected using the
following parameters: energy range, 0—1000 eV; pass energy, 200 eV; step size,
0.5 eV; step duration, 1 s. To measure core-level XPS spectra, the following para-
meters were used: energy range, 390-410 eV; pass energy, 200 eV; step size, 0.2
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or 0.1 eV; step duration, 1 s; number of scans, at least 20. The raw data were pro-
cessed using the Casa XPS software. Data processing involved removal of Ka
and K satellites, correction with electron spectrometer transmission function,
and peak fitting using the Gauss—Lorentz hybrid function GL 70 (Gauss 30%,
Lorentz 70%) and Shirley-type backgrounds. The semi-quantitative analysis was
done using methods described by Seah et al. for quantitative XPS measurements
[191]. The C-C component (at 284.6 eV) of the Cl1s peak is used for reference. For
semi-quantitative analysis Scofield cross-sections and inelastic mean free paths
given by the TPP-2M formula were used.

*’Fe Mossbauer spectra were measured at room temperature with a source of
’Co in Rh [XI, XIII]. The spectrometer was operated with a triangular velocity
waveform and a Nal scintillation detector was used for y-ray detection. Velocity
calibration was performed with an a-Fe foil.

Ex situ X-ray absorption spectroscopy (XAS) [XI] measurements on the
sample with the sample loading reaching a ~0.05 edge height at the Fe K edge
were collected in the fluorescence mode at the beamline 8-ID at the NSLS-II,
Brookhaven National Laboratory. Multiple scans were collected to increase the
signal-to-noise ratio, and to ensure the repeatability of the data. Scans were
calibrated, aligned, merged and normalised with background removed using the
IFEFFIT suite [192]. XAS [XIV] data were collected at the Fe K-edge in fluores-
cence geometry at the SAMBA beamline of the synchrotron SOLEIL (France)
using a sagittally bent double crystal Si(220) monochromator and a Canberra
35-elements germanium detector. Data treatment and linear combination fitting
were performed with the Athena software [193].

In order to determine the bulk concentration of elements in the catalysts,
inductively coupled plasma mass spectrometry (ICP-MS) was used. Sample
digestion, prior to analysis with ICP-MS was performed with Anton Par Multiwave
PRO microwave digestion system using NXF100 digestion vessels (PTFE-TFM
liner) in 8 N rotor. 10 mg of sample was weighed into PTFE vessels and 3 mL of
HNO; (Carl Roth ROTIPURAN Supra) along with 3 mL of H»O; (Fluka
TraceSELECT Ultra) were slowly added to the vessel. After the initial vigorous
reaction had subsided 1 mL of HF (Carl Roth ROTIPURAN Supra) was added,
the vessels were capped and digested in the microwave unit. A stepwise power-
controlled digestion procedure for 8 vessels was employed: ramp to 600 W in
10 min, ramp to 1000 W in 8 min, ramp to 1500 W in 8 min, hold at 1500 W for
30 min. It was observed during the method development that temperatures in
excess of 200 °C were needed for complete digestion. After digestion the samples
were diluted using 2% HNOs; solution (prepared from 69% HNOs, Carl Roth
ROTIPURAN Supra) to a final dilution factor of 70 000 and analysed using
Agilent 8800 ICP-MS/MS. "B, *°Zr and *’Ti were measured using NoGas mode
in MS/MS “on mass” configuration and **Fe, *’Fe were measured using MS/MS
“on mass” configuration with He (6 mL min') as collision gas in the CRC
(collision-reaction cell). For the samples synthesized with natural iron, *°Fe was
used to quantify the iron content assuming natural distribution of iron isotopes,
otherwise >’Fe was used, assuming 95% abundance of *'Fe.
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7. RESULTS AND DISCUSSION

7.1 Electrocatalysis of oxygen reduction
on nitrogen-doped nanocarbons

The first part of the thesis deals with the electrocatalytic activity of nitrogen-
doped carbon nanomaterials towards the ORR. The first chapter deals with the
ORR activity of nitrogen-doped MWCNT/graphene composite materials in
alkaline media [I, I, III] and in a direct methanol fuel cell [II], while the second
chapter is dedicated to the ORR activity of nitrogen-doped CDCs [VII].

7.1.1 Nitrogen-doped MWCNT/graphene composite materials

Owing to the extraordinary properties of both graphene and MWCNT described
in section 4.4, they were selected as precursors for nitrogen-doped ORR catalysts.
This work was inspired by a previous study done in our working group on
graphene [126], where it was noted that graphene sheets have the tendency to
stack up again during the high-temperature pyrolysis procedure. To avoid this,
MWCNTs (which were also already confirmed to have significant activity towards
the ORR on their own in our working group [121]) were selected as the spacer
material between the graphene sheets. To synthesise N-doped catalysts from these
two carbon materials, graphite was first oxidised into GO (section 6.2) and com-
mercial MWCNTSs were purified (section 6.1). After this, they were mixed with
a nitrogen precursor and PVP in liquid phase, sonicated and pyrolysed (section
6.4). During the pyrolysis procedure, the fast decomposition of the nitrogen pre-
cursors into gaseous components acts to separate the GO sheets even further and to
reduce them into graphene. The precursors used in this work are given in Figure 6.

@ 9 9 (b) e © §
H2NJKNH)KNH2 HZN\NH)J\NH/ o HzNJLNﬁNHz
(CYR N (e) j\
NHz)LH// HoN" NH,

Figure 6. Chemical structures of the nitrogen precursors: (a) biuret (BR), (b) carbo-
hydrazide (CH), (¢) semicarbazide (SC), (d) dicyandiamide (DCDA) and (e) urea.
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All of them have a few things in common: they are very nitrogen-rich and de-
compose at less than 800 °C. In general, during the pyrolysis process all of these
nitrogen sources first form graphitic carbon nitride (g-C3N4), which in turn
decomposes at >700 °C to give NH; and carbon nitride gases (CoN2', C3N»°,
C3N3") [194-197]. Depending on the specific precursor, by-products such as
HNCO, cyanuric acid, triuret, ammelide, ammeline, melamine, melam, melem and
melon can also be formed. Using the ,,flash* type of pyrolysis, where the sample
is quickly entered into the heating zone of the furnace, it is likely that all of these
components are present at the same time and react with both the carbon and each
other as well. This means that doping with each of the nitrogen sources will give
very different results.

SEM images of the 2-NC and NG/NCNT-BR material are shown in Figure 7.
The crumpled sheet morphology characteristic to graphene is clearly visible, with
MWCNTs deposited on top of and between the sheets, as intended. The
MWCNTs act as spacers to prevent restacking of graphene nanosheets and there-
fore increase the availability of the active sites on those sheets. In addition, the
MWCNTs themselves are catalytically active. TEM (Figure 7b) confirmed these
finding as no larger graphite stacks were visible.

Figure 7. SEM images of 2-NC (a) and NG/NCNT-BR (c¢) materials and a TEM image
of the 2-NC material (b).

To determine elemental composition on the surface of the catalyst materials, as
well as the type of nitrogen moieties each of the nitrogen precursors created on
the surface, XPS analysis of each of the catalysts was undertaken. The XPS survey
spectra and the core-level N1s spectra for the catalysts derived from biuret, carbo-
hydrazide and semicarbazide are given in Figure 8.
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Figure 8. XPS survey spectra (a—c) and N1s spectra (d—f) for NG/NCNT-BR, NG/NCNT-
CH and NG/NCNT-SC samples, respectively.
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The XPS peaks at 284.8, 532.1 and 400.0 eV denote the binding energies of Cls,
Ols and N1s, respectively. As can be seen, most of the oxygen-containing groups
of GO and purified MWCNTs have been either reduced or replaced by nitrogen
moieties at the end of the pyrolysis. The presence of an N1s peak around 400 eV
indicates the successful incorporation of nitrogen atoms into graphene/MWCNT
material. The types of nitrogen species were identified by deconvolution of the
core-level N1s spectra. The peaks in the high-resolution N1s spectra in Figure
2d-f can be deconvoluted into four components: pyridine-N-oxide (404.1 eV)
[198], quaternary (graphitic) N (401.1 eV), pyrrolic N (400.1 eV) and pyridinic
N (398.1 eV). The total nitrogen content in NG/NCNT-BR, NG/NCNT-CH and
NG/NCNT-SC was 2.8, 2.5 and 1.7 at.%, respectively. The relative contents of
nitrogen moieties are given in Table 2. Interestingly, while the absolute
concentration of species changed, the relative contents of nitrogen moieties
stayed more or less the same. The XPS spectra corresponding to 1-NC and 2-NC
materials are presented in Figure 9.

Table 2. Surface nitrogen contents and speciation of nitrogen for NG/NCNT-BR,
NG/NCNT-CH, NG/NCNT-SC, 1-NC and 2-NC.

Catalyst Total N | Pyridinic Pyrrolic Quaternary Pyridine-N-
(at.%) N % N % (graphitic) N % oxide %

NG/NCNT-BR 2.8 46 24 21 10

NG/NCNT-CH 2.5 39 26 17 17

NG/NCNT-SC 1.7 35 32 16 17

1-NC 6.0 56 24 12

2-NC 4.0 50 26 15 9
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Figure 9. XPS survey spectra (a,b) and N1s spectra (c,d) for 1-NC and 2-NC samples,
respectively.

In the case of 1-NC and 2-NC, the overall N content of 1-NC was higher (as was
thus the content of pyridinic and quaternary nitrogen, which are considered the
most important components). The relative quaternary N content was lower than
in the case of all of the samples from the first set along with the content of
oxidised pyridine N-oxide.

To describe the structure of carbon in the 1-NC and 2-NC samples, Raman
spectroscopy of these materials was done in the Institute of Physics, University
of Tartu. The resulting Raman spectra are given in Figure 10.
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Figure 10. Raman spectra of 1-NC and 2-NC materials.

The most important signals in the Raman spectra of carbon materials are the
D-band situated at ~1350 cm ™' and the G-band situated at 1550-1600 cm™'. The
D-band arises from a breathing mode vibration of six-member carbon rings [199]
and notes the presence of disordered carbon planes. The G-band arises from the
tangential vibrations of carbon atoms in graphite and is characteristic of
sp>-hybridised carbons [200]. 1-NC and 2-NC both showed peaks at 1350 and
1580 cm™'. The Ip/IG ratio was found to be 0.96 and 1.03 for 1-NC and 2-NC
samples, respectively. Slightly larger intensity of the D peak of the sample
prepared by pyrolysis of carbon and urea is in accordance with the XPS
measurements and refers to a higher content of sp® carbon in this material. There
is also a visible shoulder on the G-peak at ~1604 cm ' which is associated with
defective graphitic structures [201]. Overall, the Raman spectra showed that the
1-NC material was somewhat more disordered than 2-NC.

The RDE method was used as the primary method for testing the ORR activity
of the N-doped MWCNT/graphene catalysts. The ORR was studied on GC
electrodes modified with 0.1 mg cm™? of the selected catalyst, which was
deposited from a 1 mg ml™" dispersion also containing 0.25% of Tokuyama AS-4
ionomer. The ionomer served as both a dispersing agent and a binder. Figure 11
shows the results on the undoped GO/MWCNT composite and all of the doped
materials. The undoped material showed a rather low activity towards the ORR,
with an onset potential (Eonser, defined as the potential at —0.05 mA) of 200 mV
vs SCE. There is a clear second reduction wave at —0.8 V, which is can be
ascribed to quinone-type groups [202] reducing some of the H,O, further to
water. This is supported by the K-L data shown in Figure 12, where the number
of electrons transferred per O, molecule (n) increases from 2 (O2 reduction to
H,0) to 3 (both two- and four-electron electroreduction processes taking place).
The K-L plots (Figure 12) were derived from the ORR polarisation data with the
number of electrons transferred per O, molecule (n) shown in the inset. The n
value was calculated from the K-L equation [203]:
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where [ is the measured current, /x and /4 are the kinetic and diffusion-limited
currents, respectively, k is the rate constant for O, reduction (cm s'), 4 is the geo-
metric electrode area (cm?), F is the Faraday constant (96485 C mol ™), w is the
rotation rate (rad s '), Dos is the diffusion coefficient of oxygen (1.9x107° cm*s™")
[204], Coz is the concentration of oxygen in the bulk (1.2x107°° mol cm ™) [204]
and v is the kinematic viscosity of the solution (0.01 cm? s™') [205]. The values
of Doz and Co; are given for 0.1 M KOH solution.

Using SC as the dopant shifted the onset potential to —175 mV vs SCE and
increased the reduction current values notably. Switching the nitrogen precursor
to CH shifted the Eonse; potential a further 30 mV to the positive side and increased
the reduction current values at a given rotation rate of the electrode, with the ORR
becoming diffusion-limited at more negative potentials. Doping with BR had a
much more profound effect on the ORR activity than either SC or CH: the onset
shifted to —130 mV vs SCE and n was near 4 in the whole potential window
studied. The peak at around —0.2 V vs SCE shown at lower rotation speeds is due
to the reduction of oxygen trapped in the inner structures of the catalyst layer,
indicating that this catalyst has a complex structure with a high specific surface
area. Doping with urea yielded a catalyst with moderate activity (1-NC), with
onset potential of —132 mV vs SCE, but no clear reduction current plateaux on
the RDE polarisation curves and the # value of around 3.5-3.7. DCDA doping
(2-NC) was much more successful with an activity similar to NG/NCNT-BR
(Eonset of =121 mV), albeit lower reduction currents.
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Figure 11. RDE voltammetry curves for oxygen reduction on (a) undoped GO/MWCNT,
(b) NG/NCNT-SC, (¢) NG/NCNT-CH, (d) NG/NCNT-BR, (¢) 1-NC and (f) 2-NC
modified GC electrodes in Or-saturated 0.1 MKOH. v=10mV s™!, w = (1) 360, (2) 610,
(3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. 4 = 0.2 cm?,
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Since there is no way to quantitatively measure the number of electrochemically
accessible active sites on this type of materials, it is inconclusive exactly what
causes the increase in activity. It has been shown, however, both experimentally
[102,206] and with DFT (density functional theory) calculations [107,108] that
pyridinic and quaternary (graphitic) N increase the ORR activity of carbon
materials [207]. It has been proposed that nitrogen atoms can create a high positive
charge density on the neighbouring carbon atoms and thus change the adsorption
mode of the O, molecule from end-on adsorption to side-on adsorption [208] in
addition to weakening of the O=0 bond. Pyridinic nitrogen has been shown to
donate a p-electron into the aromatic m-system of the carbon ring, thereby
destabilizing the carbon atoms next to it and providing local charge [208,209],
has been shown to enhance the second step of the oxygen reduction reaction in
acidic media [72] and enable the adsorption of O, on the carbon atoms next to it
in alkaline media. Graphitic nitrogen, which also destabilises the carbon ring it is
doped into since it has a higher electronegativity than carbon [210], has been
shown to facilitate the chemisorption of oxygen onto the adjacent carbon atom in
the first step of the ORR and pyrrolic nitrogen has been correlated with the two-
electron reduction of oxygen into hydrogen peroxide as well [72]. Other activity
descriptors such as a high surface area (not measured here, but likely quite high
due to the high SSA of the starting materials) and defectiveness (visible from
Raman spectra) also likely contributed to the high ORR activity of these
materials. Compared to results on N-doped graphene [126], which was doped
using the same procedure, the separation of graphene layers by addition of
MWCNTs was very successful as a means of increasing the ORR activity.
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Figure 12. Koutecky—Levich plots for oxygen reduction on (a) undoped GO/MWCNT,
(b) NG/NCNT-SC, (¢) NG/NCNT-CH, (d) NG/NCNT-BR, (e) 1-NC and (f) 2-NC
modified GC electrodes in 0.1 M KOH. E = (%) —0.4, (#), 0.5, (») —0.6, (€) —0.7, (¢)

—0.8,(v)—0.9, (2) 1.0, (#) —1.1 and (m) —1.2 V. Inset shows the potential dependence
of n. Data derived from Fig. 11.
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The stability of both NG/NCNT-BR and 2-NC were tested during 1000 potential
cycles from —1.2 V to 0 V vs SCE (Figure 13). After every 100 cycles an LSV
curve and RDE polarisation curve were recorded. The LSV peak current values
were nearly identical during the whole test and the ORR polarisation curves
showed minimal activity loss (with no shift in the onset potential), indicating that
these materials have excellent stability in alkaline media.
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Figure 13. Stability of NG/NCNT-BR and 2-NC modified GC electrodes in O,-saturated
0.1 M KOH during 1000 potential cycles with the inset showing LSV results. v=10 mV s},
® =960 rpm, inset v=100mV s'. 4 =0.2 cm?.

Comparison of the N-doped composite catalysts with a commercial Pt/C catalyst
are visible in Figure 14. Both the 2-NC and the NG/NCNT-BR catalyst performed
near to the activity of the 20 wt.% Pt/C catalyst from E-TEK, with similar half-
wave potentials (E1,2), albeit more negative onset potentials.

- -GC
—GO
——NG/NCNT-BR
——NGINCNT-SC_|
——NGINCNT-CH
1-NC
—2NC
14+ — -PYC20wt%

1.2 -0 08 06 -04 -02 0.0
E/V vs SCE

Figure 14. Comparison of GC, GO and N-doped composite catalysts with 20 wt.% Pt/C
in O,-saturated 0.1 M KOH. v=10mV s}, ® = 1900 rpm. 4 = 0.2 cm>.
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For comparison purposes with other catalysts in the literature as well as the
materials presented later in this work, the jx values at 0.8 V vs RHE were also
calculated. The formula for converting potentials from SCE to RHE used is
Erue = Esce + 1.008 V, which was determined by calibrating the SCE used. The
current values were divided by the electrode area to obtain the ORR current
densities. The results are given in Table 3. The 2-NC material obviously has an
edge over the other N-doped catalyst, which is why it was chosen for testing in a
DMEFC.

Table 3. ORR parameters of N-doped MWCNT/graphene composite catalyst materials
and Pt/C in 0.1 M KOH.

Catalyst Eonset Ein Jjxat 0.8 V vs RHE
(mV vs SCE) (mV vs SCE) (mA cm?)
NG/NCNT-BR —-130 -270 2.2
NG/NCNT-SC -170 -364 0.8
NG/NCNT-CH —-145 -267 1.9
I-NC -132 -300 1.8
2-NC —-121 -260 2.6
20 wt.% Pt/C -105 -236 1.7

After pre-selecting the 2-NC catalyst from the preliminary RDE tests, a full scale
DMFC experiment was conducted with this material [II]. Prior to DMFC testing,
the methanol tolerance of the 2-NC material was also studied, due to the pos-
sibility of methanol crossover from the anode side to the cathode side. This is a
common issue when using Pt/C catalysts, because Pt is also highly active towards
methanol electro-oxidation, leading to a mixed potential and adsorption of side
products such as CO, which poison the electrode [21]. The activity of the 2-NC
catalyst was first tested in O,-saturated 0.1 M KOH, after which a 0.1 M KOH
methanol solution was added, so that the end concentration of methanol in the
electrochemical cell would be 3 M without changing the KOH concentration. The
cell was then re-saturated with oxygen and another RDE voltammetry curve was
recorded. As seen in Figure 15, the ORR performance of 2-NC does not change
significantly (most importantly, there is no methanol oxidation peak) when going
from a methanol-free environment to 3 M MeOH solution, so the catalyst is quite
resistant to methanol poisoning.

53



0.0 -
02} -
<
E .04l -
Z
P
08l -
—— KOH
08| @ — — KOH+MeOH |
L L Il I 1 ] 1

412 10 08 -06 -04 02 0.0

E/Vvs SCE

Figure 15. RDE voltammetry curves for oxygen reduction on a 2-NC modified GC
electrode in O»-saturated 0.1 M KOH solution with and without 3 M MeOH. v=10mV s,
o =960 rpm.

The 2-NC material was spray-painted as the cathode of an alkaline anion-exchange
membrane fuel cell with a FAA3 membrane from Fumatech (more details of the
MEA preparation are given in section 6.9) with the results given in Figure 16.
The FAA3 membrane was selected due to its better resistance to methanol cross-
over compared to the Tokuyama membranes. The activity was compared with a
60 wt.% Pt/C material. The 2-NC material outperformed even the high-loading
Pt/C in the DMFC test, with a maximum power density of 0.72 mW cm 2 (same
as the Pt/C) and an OCV of 0.64 V (compared to 0.44 V for the Pt/C). It is to be
noted, however, that the 2-NC material reaches its maximum power density at
much higher potentials. The results were also highly competitive with other
alkaline DMFCs at the time, including N-doped CNTs [211] and other studies
using Pt/C as the cathode [212,213].
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Figure 16. Fuel cell performance of the catalysts in 1 M MeOH at 40 °C showing
(a) polarisation curves and (b) power density curves.
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This work on nitrogen-doped MWCNT/graphene composites was among the first
to demonstrate the activity of metal-free catalysts for alkaline DMFCs. It also
showed the success of this doping method (wet mixing of small N-containing
molecules with carbon nanomaterials followed by pyrolysis in inert atmosphere)
in creating a high relative concentration of pyridinic N on the surface of the
material, on which the later improvements made in this work are based. It also
showed that DCDA is the most successful of the dopants.

7.1.2 Nitrogen-doped CDCs

Carbide-derived carbons are a spectacular carbon material for ORR catalysis, as
discussed in chapter 4.4. After developing and optimising the nitrogen doping
method on MWCNT/graphene composites, this was also used to dope different
CDC materials [VII]. TiC was selected as the starting carbide, because TiC yields
some of the highest surface areas when chlorinated into a CDC [214]. A TiCN
material was also chlorinated for comparison.

SEM micrographs of the doped CDCs (1094-N and 13-N) and the TiCN-
derived carbon material (040-N) are displayed in Figure 17, showing amorphous
particles of varying sizes. The variety in particle sizes fills the space efficiently
with catalytically active material. The doped materials have a more etched surface
due to the processes taking place during the pyrolysis (which includes doping
with NHj3, that etches some of the carbon). The TiCN-derived carbon (Figure 17¢)
has a smooth surface, with notably larger particles.

Figure 17. SEM images of 1094-N (a), 13-N (b) and 040-N (c) materials.

XPS analysis of the three catalysts was undertaken to determine the surface
elemental composition and the N speciation (Figure 18 and Table 4). The bulk N
concentration was determined via SEM-EDX. Notably, 13-N had a very high
surface N concentration (3.6 at.%) compared to its bulk N concentration of only
0.7 at.%, as well as a very high surface oxygen content of 8.7 at.%. Compared to
the other materials, it also had a higher concentration of pyridinic N. In the case
of both 1094-N and 040-N, the bulk N concentration (5.3 and 6.3 at.%, re-
spectively) was much higher than the surface N concentration.
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Figure 18. XPS survey spectra (a—c) and N1s spectra (d—f) for 040-N, 13-N and 1094-N
samples, respectively.
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Table 4. Bulk and surface nitrogen contents and speciation of nitrogen for 040-N, 13-N
and 1094-N.

Catalyst | Bulk N | Surface N | Pyridinic | Pyrrolic Quaternary Pyridine-
(at.%) (at.%) N % N % (graphitic) N % | N-oxide %
040-N 6.3 1.8 36 14 37 13
13-N 0.7 3.6 47 26 28 8
1094-N 53 1.7 36 32 29 8

Raman spectra for the three studied materials are shown in Figure 19 and reveal the
same two bands as for the MWCNT/graphene composites: a D-band at ~1350 cm™
and a G-band at around 1580 cm™'. The inset in Figure 19 represents the intensity
ratios Ip/l and reveals that the ratio is 1.07 and 1.1 for 040-N and 13-N samples
and 0.93 for 1094-N, respectively. Relatively smaller /n/Ig for the sample 1094-N
refers to a higher content of graphitic sp* carbon in this material [215]. The
shoulder at ~1604 cm ' associated with defective graphitic structures [201] is also
seen on the G-band.

1DWHG)

Intensity / a. u.

1 n " " 1 " " L 1 " 1 i
1100 1200 1300 1400 1500 1600 1700 1800 1900

Raman shift / cm™

Figure 19. Raman spectra of 040-N, 13-N and 1094-N materials with the inset showing
the intensity ratio of Ip/Is for D and G bands. The intensity for /p and /g were extracted
by fitting spectra with two Lorentzians.

N> physisorption was used to study the porosity of the catalysts. The specific
surface area (Sger) of the CDC-N materials was calculated according to BET
theory up to a nitrogen relative pressure of P/Py = 0.2. The total volume of pores
(V) was measured at near to a saturation pressure (P/Po = 0.99). The volume of
micropores (V) was calculated from t-plot method by using deBoer statistical
thickness. An average pore size (dp) was calculated for slit-type pore geometry
by using the formula: d, = 2V,/Sger. Calculated BET specific surface areas, pore
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volumes, micropore volumes and average pore sizes are given in Table 5. The
1094-N material had the highest surface area of all the materials and the smallest
average pore size. The 13-N material had the largest pore volume of all of the
catalysts, while 040-N had a somewhat lower SSA and pore volume than the other
catalysts, being largely mesoporous compared to the microporous 1094-N and
13-N. This is due to the structural differences between TiC and TiCN which lead
to a different pore structure after chlorination. 1094-N and 13-N both had a TiC
precursor with some differences in the chlorination process (known only to
Skeleton Technologies), leading to two catalysts with rather similar porosities
(although 13-N was notably more mesoporous).

Table 5. Textural properties of the CDC-N materials: BET surface areas (Sger), pore
volume (¥}), micropore volume (¥,) and average pore size (dp).

Catalyst SgeT, m2g! Vp, cmPg! Vy, cmig ! dp, nm
1094-N 2024 1.20 0.91 1.18
13-N 1988 1.67 1.42 1.68
040-N 779 1.20 0.20 3.08

As a first test, the ORR activity of undoped CDCs was measured to have a starting
point and to confirm the effect of nitrogen doping towards the electrocatalytic
properties. RDE voltammetry curves and K-L plots of the undoped CDC materials
are shown in Figure 20. The onset potential for the undoped 130614-2 (precursor
for 13-N) material was —272 mV vs SCE, which is rather negative, and the re-
duction current values were also rather low. The ORR activity that the material
had can be attributed to the quinone-type groups on the surface reducing oxygen
into hydrogen peroxide and at more negative potentials (with the start of the
second reduction wave at—0.6 V) to water accompanied by an increase in z [202].
Similar results can be seen for 1094, which was the precursor for 1094-N, albeit
this material had a much higher activity towards the ORR than 130614-2. Oxygen
groups on the surface of the catalyst precursor have a positive effect on the N
doping as the carbon atoms bonded to oxygen are more easily substituted than
those in a compact carbon lattice [216].
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Figure 20. RDE voltammetry curves for oxygen reduction on (a) undoped 130614-2 and
(c) undoped 1094 modified GC electrodes in O,-saturated 0.1 M KOH. v=10 mV s,
@ = (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. Koutecky-Levich
plots for oxygen reduction on (b) 130614-2 and (d) 1094 modified GC electrodes in
0.1 M KOH. Inset shows the potential dependence of n.

Figure 21a shows the RDE results obtained for material 130614-2 doped using
DCDA. The onset potential has shifted to —110 mV vs SCE, showing a marked
increase in activity towards ORR and the presence of a new type of active site on
the material. The nitrogen-doped active sites are known to weaken to O=0 bond
and create a large positive charge on the neighbouring carbon atoms and change
the adsorption mode of O, molecules on the carbon material from end-on to side-
on adsorption [208], both of which increase the ORR activity. The doped catalyst
also shows much increased reduction current densities along with a plateau
forming on negative potentials, indicating a diffusion-limited process and much
higher electrocatalytic activity towards the ORR than the undoped CDC. Extra-
polating the K-L plots (Figure 21b) gives an intercept near zero, thus the reaction
is almost diffusion-limited with a small kinetic component. The value of n is close
to 4 on the whole plateau, so oxygen reduction undertakes the 4-electron pathway
on this material. The ORR polarisation curves for 1094-N are shown on Figure
21c. The overall activity of this catalyst was very similar to the material synthesised
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from 130614-2, which is interesting as the base materials had very different
activities and as extent of the nitrogen doping is very different (5.25 at.% vs 0.7
at.%) in the bulk of the material. The K-L plots (Figure 21d) show a diffusion
limited process and the value of » was near 4 in the whole studied potential range,
so the O, is believed to reduce via the 4-electron pathway on this catalyst with
little to no H>O, formed. The values of n exceeding 4 are due to the highly porous
and uneven surface of the modified electrode. This shows that the nitrogen
amount in the lattice of these materials in the bulk has very little effect on the
ORR activity, as there was a large difference in the bulk nitrogen contents. The
surface total nitrogen content also seemingly has a small effect, as 13-N has over
twice as much nitrogen species on the surface of the material than 1094-N
(3.6 at.% vs 1.7 at.%) according to the XPS analysis, yet the activity is very
similar. The small difference in the activities of the doped catalysts when compared
to the undoped ones also reveals that activity of an undoped CDC material is not
a large factor in determining its suitability for nitrogen doping to achieve active
ORR catalysts. These conclusions can be used in further works when choosing a
CDC material to modify. For both catalysts the high activity is associated to high
pyridinic-N and quaternary-N contents along with a very high specific surface area,
facilitating a 4-electron oxygen reduction. However, as there is not yet a consensus
in the scientific community, which nitrogen species is the most important in ORR,
we can make no definite conclusions about the origin of this activity. The material
synthesized via chlorination of titanium carbonitride (040-N) showed somewhat
lower electrocatalytic activity towards the ORR (Figure 21e) than the materials
doped with the pyrolysis method. The onset potential was at —140 mV vs SCE but
the reduction currents were decreased and the K-L plots show a kinetically limited
process. The n value did rise to nearly 4 on more negative potentials, but there were
amounts of H>O» produced at more positive potentials as the # value was 3.5. This
is surprising as the 040-N material had a larger average pore diameter, which
should be more available to O, molecules than the micropores of 13-N and
1094-N. One reason for the higher activity of the materials doped using DCDA
is likely their higher availability of edge sites (as seen from the etched morpho-
logy in SEM), which are known to facilitate oxygen adsorption [217] and also
accountable for the lower activity can be the smaller specific surface area and the
smaller pyridinic nitrogen content.
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Figure 21. RDE voltammetry curves for oxygen reduction on (a) 13-N, (c) 1094-N and
(e) 040-N modified GC electrodes in Oy-saturated 0.1 M KOH. v=10mV s, w = (1) 360,
(2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. Koutecky-Levich plots for oxygen
reduction on (b) 13-N, (d) 1094-N and (f) 040-N modified GC electrodes in 0.1 M KOH.
Inset shows the potential dependence of n. 4 = 0.2 cm?.
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Figure 22 and Table 6 show a comparison of the activity of N-doped CDCs with
a commercial Pt/C catalyst (with Tokuyama AS-4 as the binder). Compared to
the 20 wt.% Pt/C, the N-doped CDCs have activity near to the commercial Pt
catalyst and are thus excellent candidates for alkaline membrane fuel cell
applications. As the material obtained via chlorination of titanium carbonitride,
040-N, was much less active than the materials synthesised from CDC and
DCDA, the latter process is recommended to achieve a nitrogen-doped CDC
catalyst highly active towards ORR. Compared to the MWCNT/graphene com-
posites presented in the last chapter, the progress is obvious as well, as the jx value
at 0.8 V vs RHE for 1094-N is almost triple that of 2-NC, which was the best
catalyst in that study.
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Figure 22. A comparison of RDE results of O, reduction on 040-N, as-received 130614-2
and 1094, N-doped 13-N and 1094-N and Pt/C modified GC electrodes in O»-saturated
0.1 MKOH. v=10mV s, @ = 1900 rpm. 4 = 0.2 cm?.

Table 6. ORR parameters of the N-doped carbide-derived carbon catalysts and Pt/C in
0.1 M KOH.

Eonset Ep Jjxat 0.8 V vs RHE

Catalyst (mV vs SCE) (mV vs SCE) (mA cm?)
1094 -213 =270 -
130614-2 -272 -364 —

040-N -140 -267 2.9
1094-N -110 -300 7.2

13-N -110 -260 5.4

20 wt.% Pt/C -105 -236 1.7
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As discussed in the literature overview, one of the key issues with modern fuel
cells is their stability. Platinum-based catalysts mostly have trouble remaining as
active during the lifetime of a fuel cell as they were at the start. Figure 23 shows
the results of doing 1000 cycles of O, reduction on a 1094-N modified GC
electrode. The material was cycled in CV mode and after every 100 cycles an RDE
experiment was carried out. After 1000 cycles the activity of the catalyst is nearly
the same than that of a pristine sample. There is little to no effect on the onset
potential, while the limiting diffusion current values are somewhat smaller.
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Figure 23. Stability of 1094-N modified GC electrode in O,-saturated 0.1 M KOH during
1000 potential cycles. v=10 mV s}, @ = 960 rpm.

This study was the first done on the ORR electrocatalytic activity of N-doped
carbide-derived carbon catalysts. It demonstrated the viability of CDC supports
towards creating NPMCs with this simple synthesis method.

7.2 Electrocatalysis of oxygen reduction on transition
metal and nitrogen-doped MWCNTs

The second part of the thesis deals with the electrocatalysis of ORR on Fe/Co and
nitrogen-doped MWCNTs in alkaline conditions [IV,V] for either the alkaline
DMFC [V] or Ho/O, AEMFC [IV] and in acidic conditions [VI].

7.2.1 Fe-,Co- and nitrogen-doped MWCNTSs as a catalyst
for alkaline membrane fuel cells

Looking at the DMFC results in chapter 7.1, while the 2-NC material bested the
commercial Pt/C, it is clear that the power densities on an absolute scale are still
very low (compared to, for instance, AEMFCs using H; as a fuel at the time, which
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reached >100 mW cm? of power density). As discussed in chapter 4.3.2, while
metal-free catalysts are quite active towards the ORR in alkaline conditions, the
catalyst materials incorporating both nitrogen and metals can exceed that.
Inspired by the previous work on MWCNTs and composites [I, II, III] which
showed a lot of promise in DMFCs [II], a strategy for incorporating Fe or Co into
the catalyst material was developed [V, V]. To introduce metal-based active sites,
FeCl; or CoCl, were simply added to the synthesis mixture prior to sonication
(details in section 6.5). Different amounts of salts (and different salts such as
Co(NOs),; and Fe(OAc), in addition to the metal chlorides) were tested, with
2.5 wt.% of FeCls (this catalyst is called Fe-NCNT-1 in what follows) or 5 wt.%
of CoCl, (this catalyst is called Co/N/MWCNT-1 in what follows) in the pre-
cursor mixture showing the best results. The catalysts were then further purified
to remove any unstable metal species using acid leaching and another pyrolysis
step was undertaken to remove any adsorbed anions (the resulting materials are
called Fe-NCNT-2 and Co/N/MWCNT-2 in what follows, respectively).

The microstructure and morphology of the Fe-NCNT-1 and Fe-NCNT-2
catalysts were studied using scanning/transmission electron microscopy (S/TEM)
and SEM. Figures 24a-e display S/TEM micrographs and Figure 24f shows a
SEM image of the bulk Fe-NCNT-2 catalyst. In the Fe-NCNT-1 catalyst, a lot of
Fe nanoparticles were visible in the TEM image (Figure 24a). To further examine
the crystallographic structure of these nanoparticles, the samples were analysed
with XRD. The XRD patterns show a number of diffraction peaks attributed to
Fe, Fe;C and small amounts of Fe;O3 (Figure 25) [218]. The broad XRD peak at
about 26.5° is indexed to the (002) planes of the graphitic carbon. Acid leaching
successfully removed a lot of the Fe and FesC nanoparticles as visible from Figure
24b, however, on the basis of both XRD and TEM results it is evident that
leaching in hot acid does not completely remove the Fe and FesC particles. This
is a result of the encasement of Fe/Fes;C nanoparticles into graphitic carbon shells
(visible in Figure 24¢, where a 20 nm particle is encapsulated in a 5—10 layered
graphitic type shell). The formation of graphitised carbon structures around iron or
iron carbide nanoparticles during the pyrolysis has been observed in several earlier
studies [219-222], in some cases these particles catalyse the growth of CNTs
[161, 223-225]. This cannot be confirmed solely on the basis of TEM images,
but is a possible reason for the stability of such Fe species even during the acid
treatment. The HAADF-STEM image in Figure 24d provides a different contrast,
which clearly differentiates between the CNTs, Fe-containing nanoparticles and
flakes of amorphous carbon. EDX mapping performed on the area indicated in
Figure 24d is represented in Figure 24e. Here the uniform Fe element distribution
in the sample clearly indicates that the nanoparticles are of various sizes ranging
from 10 to 200 nm; these nanoparticles also tend to agglomerate. Figure 24f is a
SEM image of the larger morphology of the catalyst, showing bundles of
MWCNTs with some metal nanoparticles and amorphous carbon also visible.
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Figure 24. TEM images of Fe-NCNT-1 (a) and Fe-NCNT-2 (b) catalysts; High magni-
fication TEM image of a Fe nanoparticle in Fe-NCNT-2 encapsulated by graphitic
layers (c); HAADF-STEM image of the Fe-NCNT-2 catalyst (d) on which EDX mapping
was performed (¢); SEM image of Fe-NCNT-2 ().
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Figure 25. XRD patterns for Fe-NCNT catalysts and MWCNTSs.
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Figure 26a shows an SEM image of Co/N/MWCNT-1 and Figure 26b an image
of the Co/N/MWCNT-2 material. Bright dots (Co nanoparticles) and bundles on
carbon nanotubes can be seen in both Figures. After the acid leaching, the amount
of metal particles in the catalyst has obviously reduced and there is practically no
amorphous carbon visible in Figure 26b. According to SEM-EDX, the Co/N/
MWCNT-1 catalyst contained 3.7 at.% of Co and the acid-leached material only
3.3 at.%.

Figure 26. SEM images of (a) Co/N/MWCNT-1 and (b) Co/N/MWCNT-2 samples.

Figures 27 and 28 show the TEM and high-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) images of the Co/N/MWCNT-1
material. Figure 27a shows bamboo-type MWCNTs along with Co nanoparticles
more clearly visible on the HAADF-STEM image in Figure 27b. The size of the
nanoparticles is mostly <10 nm, with some larger agglomerates also visible in
Figure 27c. The inset shows the EDX spectrum used for mapping C, Co and N
on the catalyst material. The element maps are shown in Figures 27d-f and reveal
a uniform distribution of Co and N along with a correlation of their placement in
the catalyst material, indicating an existence of Co-N sites or Co particles covered
in N-doped carbon layers (active sites for ORR).
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Figure 27. (a) TEM overview of Co/N/MWCNT-1 catalyst, (b) overview HAADF-STEM
image, (c) higher magnification HAADF-STEM used for elemental EDX mapping. The
inset is a part of the EDX spectra used for the mapping. (d—f) EDX elemental distribution
of C, Co, and N, respectively.

Figure 28a shows a TEM overview image of the Co/N/MWCNT-2 catalyst. It is
clear that the acid leaching is not successful in removing all of the metal species
in the case of Co either, for which the reason can be seen from Figure 28b. Much
like the Fe-based material, the Co particles are coated in a layer of graphitic
carbon 5-10 nm thick. The HAADF-STEM image in Figure 28c better shows the
20-30 nm Co nanoparticles and the EDX mapping in Figure 28d also shows that
the well-dispersed Co particles are covered in carbon. In addition to the particles,
a uniform distribution of Co in the carbon material can also be seen, likely noting
to atomically dispersed Co-N sites. The size of Co particles has increased due to
the secondary pyrolysis, which gives the metal more time to agglomerate at high
temperatures.
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Figure 28. (a) TEM overview of Co/N/MWCNT-2 catalyst material, (b) HR-TEM image
of Co nanoparticle after acid leaching and secondary pyrolysis, (c) higher magnification
HAADF-STEM, and d) EDX elemental distribution of C and Co. The inset is a part of
the EDX spectra used for the mapping.

Figure 29 shows the XRD analysis results for the Co-, N-doped materials and
pristine MWCNTs. In addition to the graphitic peak at 26.5° the catalysts exhibit
peaks according to the (111), (200) and (220) facets of metallic cobalt. The peak
at 44° contains contribution from metallic cobalt, cobalt oxide, cobalt nitride and
cobalt carbide. Clearly, there are small amounts of particulate cobalt species in
different forms present even after the acid treatment.
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Figure 29. XRD patterns for Co/N/MWCNT-1 and Co/N/MWCNT-2 catalysts and
MWCNT material.

The surface composition of Fe-NCNT catalysts was analysed using XPS. The
XPS survey spectrum (Figure 30a) shows the presence of C, N and O in the catalyst.
The total N content on Fe-NCNT-2 catalyst surface was estimated to be 3.3 at.%.
To characterise the elemental surrounding of nitrogen atoms, the N1s peaks of
the core-level spectrum (Figure 30b) were deconvoluted to four symmetrical peaks
as in previous chapters. In the final catalyst, Fe-NCNT-2, the largest fraction of
N (45%) is in pyridinic configuration, which has been proposed as one of the most
active centres for oxygen electroreduction on N-doped carbon materials, along
with the graphitic nitrogen (17%) [161,226]. The as-prepared catalyst Fe-NCNT-1
also contains mostly pyridinic N (47%), but also high amount of graphitic N
(37%). The high-resolution spectra in the Cls region (Figure 30c) reveal the
presence of the following carbon species: C=C (284.3 eV), C—C (285.1 eV), C-O
(286.6 eV), C=N (285.3 eV) and C-N (283.9 eV), along with small amounts of
C=0 (287.8 eV), O—C=0 (288.7 V) and carbonates (290 eV) [54-56]. Only small
amount of Fe could be detected by XPS, 1.6 at.% in Fe-NCNT-1 and 0.26 at.%
in Fe-NCNT-2 catalysts, indicating that Fe is partly dissolved in hot acid. The
Fe2p XPS peaks are too low for accurate determination of Fe species; however,
the main peak is located at rather high binding energy (BE), >710 eV, suggesting
that surface Fe is in cationic form. Most likely, metallic Fe and Fe;C cannot be
detected by XPS, because Fe and Fe;C particles are encapsulated in carbon. The
inelastic mean free path for Cls photoelectrons is 2 nm in graphite (2.7 nm
theoretical for carbon). A rough estimate for sampling depth (A=3, 95% of the
signal) would be from 6 to 8 nm. That said, the contribution of surface atoms to the
signal is far greater than from deeper layers. Meaningful quantitative information
would originate from up to 3—4 nm depth [227]. As such, the graphitic layers of
carbon might mask a lot of the Fe signal.

69



@ [ T T T T T (b) ! T —
Cis 951 ] pyridinic
6
i B
= ° 2 00
O 4l o
It'!o “O
T3 iy
2 = 8.5
& 2r OKLL I
E; : O1s N1s ] E,
= I £ 50|
0 ]
800 700 600 500 400 300 200 100 o]
Binding energy / eV Binding energy / eV
T T T T T T T T T T T T T
© sf 1 @0
4] 98}
E e -
3 8 o8|
w4l | de
. } 9.4
=y ¥ =
w ol 0-C=0 on i
s spe  Carbonates \ g j=heq 8
E E
ol . 9.0}
294 292 290 288 286 284 282 730 725 720 715 710 705
Binding energy / eV Binding energy / eV

Figure 30. XPS survey spectrum (a) and high-resolution XPS spectra in the Nls (b),
Cls (c) and Fe2p (d) regions for Fe-NCNT-2 catalyst.

XPS analysis was also conducted with the Co/N/MWCNT catalysts. The XPS
spectra are given in Figure 31. The overview spectrum once again shows four
characteristic peaks: Cls (284.8 eV), Ols (532.1 eV), N1s (398.2 eV) and Co2p
(780 eV). The Co/N/MWCNT-1 catalyst contained 3.3 at.% of nitrogen on the
surface, from which the relative concentration of pyridinic-N constitutes 51%,
quaternary (graphitic) N 18%, pyrrolic-N 23% and pyridine-N-oxide 8%. For the
acid treated Co/N/MWCNT-2 catalyst material, the total nitrogen content was
reduced to 2.5 at.%, from which the relative concentration of pyridinic-N consti-
tutes 42%, quaternary (graphitic) N 23%, pyrrolic-N 18% and pyridine-N-oxide
17% showing that acid treatment has no remarkable effect on the distribution of
different nitrogen moieties on the surface of the catalyst, but does somewhat
decrease the total N content, likely due to oxidation and removal of some of the
amorphous carbon. The Co content for Co/N/MWCNT-2 was determined to be
0.8 at.%.
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Figure 31. XPS survey spectrum (a) and high-resolution XPS spectra in the N1s (b), Cls
(c¢) and Fe2p (d) regions for Co/N/MWCNT-1 catalyst.

Next, the RDE method was used to compare the pristine CNTs, N-doped
MWCNTs as well as Fe-NCNT-1 and Fe-NCNT-2 to 60 wt.% Pt/C (the catalyst
used as a comparison in the DMFC tests) with the results given in Figure 32 and
Table 7. The GC electrodes were coated with 20 ul of a I mg ml™! dispersion of
the catalyst materials. The dispersion also contained 0.25% of Fumatech FAA3
ionomer (the same ionomer was used in the DMFC). The Fe-NCNT-1 catalyst
has rather high ORR activity, the Eonset being —135 mV and £1, —310 mV vs SCE.
These values are about 25 mV more positive than those of metal-free N-doped
CNTs. After the acid treatment, the ORR activity of the catalyst decreased (data
not shown), but following the second pyrolysis, the ORR performance of the
catalyst remarkably improved, as the Eonse: and E1» shifted positive by 71 mV
and 111 mV, respectively. For Fe-NCNT-2, the values of Eonset =—63 mV and
Eyp=-204 mV vs SCE are only 24 mV and 41 mV more negative, respectively,
than those of commercial 60 wt.% Pt/C. The activity decay as a result of the acid
treatment has been attributed partly to dissolving the active Fe species and partly
to protonation of N centres and subsequent adsorption of anions [71,73]. How-
ever, it has also been shown that the latter can be reversed with heat-treatment or
immersing in alkaline solution, therefore, it should not affect the ORR results in
0.1 M KOH [71]. Dissolution of surface Fe is also confirmed by XPS, where no
Fe was detected in acid-treated material before second pyrolysis. Fe signal,
although much lower, appeared again after second heat-treatment, which explains
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the higher ORR activity of Fe-NCNT-2. This increase has been proposed to be
due to creating some new active sites [53] or formation of Fe clusters near to
Fe—Nj sites [220].

The same method was used to study the Co/N/MWCNT materials, however
the ionomer in this case was Tokuyama AS-4 (the same as in the AEMFC test),
with a concentration of 0.25% in the 1 mg ml™' dispersion used to coat the GC
electrodes with the studied catalysts. For both Co/N/MWCNT catalysts, a signi-
ficant positive shift is seen in comparison with the NCNT (doped using only
DCDA, but otherwise the same method) catalyst. The effect of acid treatment and
second pyrolysis is also immediately apparent, with both the FEonset and Eip
shifting to the positive side. The origins of the high activity of these catalysts are
the same as for the Fe-based ones: Co-Nj sites and particulate Co species covered
in graphitic N-doped carbon layers are formed during the pyrolysis, which have
an increased electrocatalytic activity towards the ORR when compared to NCNT.
In addition to the Co covered in carbon overlayers, it has been found that Co
nanoparticles containing Co-Co bonds with a length of 4 A can bind O, molecules
effectively and even split the O=O bond without the presence of any Co-N sites
[228,229]. This is also witnessed here as the acid treatment has less of an effect
on the Co-based catalyst (during the acid treatment, these “bare” cobalt species
are obviously leached out and no longer play a role in Co/N/MWCNT-2). In
addition to this, morphological changes in the catalyst during doping, acid treat-
ment and re-pyrolysis also take place and change the ORR activity. During the
second heat treatment, the size of Co particles grew (as visible from the micro-
scopy) and the carbon overlayer also grew thicker (this was also noticed for the
Fe-based material). The number of carbon overlayers has been suggested as an
important activity descriptor in such catalysts as it changes the free energy of the
intermediates of ORR, thereby also changing the activity of the catalyst [75].
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Figure 32. ORR polarisation curves for MWCNTs, metal-free N-doped CNTs, Fe/Co-
containing N-doped CNTs and a commercial Pt/C catalyst in 0.1 M KOH. v= 10 mV s},
o = 1900 rpm.
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Table 7. ORR parameters of the pristine CNTs, Fe-, Co- and/or nitrogen-doped
MWCNTs and Pt/C in 0.1 M KOH.

Eonset Ep Jjkat 0.8 Vvs RHE

Catalyst (mV vs SCE) (mV vs SCE) (mA c¢cm?)
CNT -270 -391 0

NCNT -162 -341 1.0
Fe-NCNT-1 -135 =310 1.7
Fe-NCNT-2 —63 -204 7.9
Co/N/MWCNT-1 -98 —241 5.6
Co/N/MWCNT-2 -63 -168 12.4

60 wt.% Pt/C -39 —-163 15.0

RDE polarisation curves were recorded at varying rotation rates to study the Fe-
NCNT-2 material with the K-L analysis (Figure 33). The slightly inclined current
plateaus observed could be due to porosity of the material that causes the potential-
dependent O, penetration depth inside the catalyst layer or by inhomogeneous
distribution of active sites on the electrode [230]. Somewhat higher reduction
current densities than theoretical ones for a 4-electron reduction of O, might arise
from slightly non-laminar flowing conditions due to the rough electrode surface
and catalyst porosity as the RDE theory expects the electrode to have a thickness
of 1-10 um [231]. The RDE data was analysed using the K-L equation (10). The
K-L plots derived from the RDE data in Figure 33a are presented in Figure 33b.
From the slopes of these plots, the n value was calculated (inset of Figure 33b).
It is evident that the value of # does not depend on the potential and is close to 4,
which implies that O, is fully reduced to water. This is in accordance to previous
results of the ORR studies using Fe-containing CNTs in alkaline solutions
[22,26,35]. A low peroxide yield is an important prerequisite for the application
of the catalyst in fuel cells, as peroxide is known to induce the degradation of the
membrane, especially in the presence of Fe [64]. It should be noted that a rather
low catalyst loading on the electrode (100 pg cm ?) was used. Considering this
the Fe-NCNT-2 shows remarkably high electrocatalytic activity as the mass
activity (MA — kinetic current per mass of the catalyst on the electrode) of this
catalyst at 0.8 V vs RHE is 65 A g”'. The MA of commercial 60% Pt/C is only
about two times higher (120 A g 'culys, €.2. 200 A g 'p). For Fe-NCNT-1 and
NCNT the values of MA are lower, 12.6 and 7.0 A g, respectively.
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Figure 33. (a) ORR polarisation curves for Fe-NCNT-2 catalyst in 0.1 M KOH at various
electrode rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm.
v=10mV s™'. (b) Koutecky-Levich plots for O, electroreduction derived from data
presented in (a). Inset displays the dependence of 7 on electrode potential.

Comparison of the ORR polarisation curves of Fe-containing catalysts with those
of metal-free CNTs reveals that the presence of Fe in the pyrolysed material
enhances the ORR activity of the catalyst. As the XPS results have indicated that
Fe-NCNT-2 material also contains a large amount of pyridinic and graphitic
nitrogen, it is expected that part of the ORR activity is due to these centres. How-
ever, as the activity of Fe-NCNT-2 surpasses that of metal-free N-doped CNTs
(Figure 34), it is also assumed that there must be some other, probably Fe-con-
taining centres available. To confirm this, the ORR on Fe-NCNT-2 was studied
in the presence of cyanide anions, which are known to coordinate strongly with
iron, thereby poisoning these centres [232—234]. Figure 34 shows that adding CN™
remarkably decreases the ORR activity of the catalyst, as the polarisation curve
shifts negative (AE1» = 75 mV) and diffusion-limited current decreases slightly.
This suggests that Fe-N,/C centres play an important role in oxygen reduction
electrocatalysis on Fe-NCNT-2 catalyst. A similar conclusion has been reached
previously in many works, as reviewed by Masa et al. [235]. DFT calculations
have indicated that improved catalytic activity of carbon shell could arise from
the electron transfer from Fe particles to carbon surface, which leads to a decreased
local work function [236]. It can be further decreased by doping N atoms into
carbon lattice [236], however, catalysts with very low or zero nitrogen content
containing carbon-coated Fe;C particles have also displayed rather high ORR
activity [222]. It has been recently concluded and supported by DFT calculations
that Fe/Fe;C nanoparticles promote the activity of the neighbouring Fe—N sites
[220]. Therefore, it is likely that the ORR may also occur on encapsulated Fe
and/or FesC particles in Fe-NCNT catalysts. This is supported by the fact that the
value of MA for Fe-NCNT-2 in the presence of CN™ is about 12.4 A g, still
higher than that of metal-free NCNTs. The XPS results also suggest that the
decrease of the activity of Fe-NCNT-1 after acid treatment can be related to
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dissolution of Fe/Fe;C nanoparticles, as proposed in ref. [220]. After the second
heat treatment, new active sites are either revealed from under the soluble or
oxidised species or created during the pyrolysis process, increasing the activity
again.

An important characteristic of the ORR catalysts from the practical point of
view is their methanol tolerance, which is essential for application in DMFCs (as
in this study), where methanol may pass across the membrane from the anode
compartment. The methanol tolerance test showed that even the methanol con-
centration as high as 3 M did not affect the shape of the ORR polarisation curves
of Fe-NCNT-2 catalyst, indicating a remarkable tolerance to the presence of
methanol (Figure 34).
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Figure 34. ORR polarisation curves for Fe-NCNT-2 catalyst in 0.1 M KOH in the
presence of 3 M MeOH (blue curve) and 10 mM NaCN (red curve). v=10mV s},
o =960 rpm.

A similar K-L study as for the Fe-based materials was also conducted for the Co-
derived catalysts (Figure 35). Similar to the Fe-NCNT materials, the n values are
near 4 in the whole range of potentials studied for Co/N/MWCNT-2 and the
extrapolation of the K-L plot to y-axis gives an intercept near zero, meaning that
the process was entirely under diffusion control. The optimal Co surface content
in Co-N-C materials has been quoted to be 0.86 at.% [237], 0.98 at.% [238] or
1.0 at.% [239] in the literature thus far, so the optimal range is likely between
0.8-1.0 at.% (Co/N/MWCNT-2 contained 0.8 at.% of Co on the surface as
determined by XPS). It is likely that other synthetic methods might be able to
increase this value without the agglomeration of surface (and thus atomically
disperse) Co to nanoparticles, but it seems that with the current synthesis methods
this is the optimal value.
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Figure 35. (a) ORR polarisation curves for Co/N/MWCNT-2 catalyst in 0.1 M KOH at
various electrode rotation rates: (1) 360, (2) 610, (3) 960, (4) 1900, (5)3100 and
(6) 4600 rpm. v =10 mV s7!. (b) Koutecky-Levich plots for O, electroreduction derived
from data presented in (a). Inset displays the dependence of # on electrode potential.

The second key issue, durability, was also studied on both the Fe- and Co-
containing N-doped catalysts. The Fe-NCNT-2 catalyst was subjected to a short-
term durability testing (Figure 36a). The results indicated that this material is
highly stable in alkaline solution, as the RDE polarisation curves before and after
1000 potential cycles in O,-saturated 0.1 M KOH solution are almost identical.
A small decrease in the limiting current density (about 0.01 mA) can be noticed
and the kinetic current at —0.2 V decreases by only 8.6%. In the case of Co/N/
MWCNT-2, the results were much the same, as seen on Figure 36b. During the
1000 potential cycles in the same range there was no change in the onset potential
and very little change in the limiting current values.
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Figure 36. (a) ORR polarisation curves for Fe-NCNT-2 catalyst in 0.1 M KOH before
and after the stability test. v =10 mV s™!, @ = 960 rpm. Inset shows the change of the
kinetic current calculated at —0.2 V vs SCE during potential cycling. (b) RDE polarisation
curves for oxygen reduction on Co/N/MWCNT-2 at a scan rate of 10 mV s™! for 1, 100,
200, 500, and 1000 potential cycles in O,-saturated 0.1 M KOH solution. v=10mV s},
® = 1900 rpm with the inset showing CV curves at 100 mV s™'.
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After success in the preliminary RDE tests, the Fe-NCNT-2 catalyst was used as
the cathode in an alkaline DMFC with a Fumatech FAA3 membrane. The
polarisation and power density curves are presented in Figure 37, normalised to
both the fuel cell area (Figure 37a-b) and cathode catalyst mass (Figure 37c—d).
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Figure 37. Fuel cell performance of Fe-NCNT-2 (1.50 mg cm?) and Pt/C (1.35 mgp; cm?)

catalysts in alkaline DMFC with a Fumatech FAA3 membrane: 1 M methanol at the

anode (0.2 ml min™') and pure dry O, (200 ml min") at the cathode at 50 °C. (a) Current

density and (b) power density normalised to fuel cell area. (c) Current density and (d)
power density normalised to the mass of Pt or Fe-NCNT-2 at the cathode.
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It is immediately clear that the Fe-NCNT-2 catalyst performs somewhat worse than
commercial Pt/C at high cell voltage (>0.4 V). At lower voltages, its performance
1s reduced, which could be due to the less alkaline environment in the fuel cell
compared to the RDE cell as the membrane is carbonated by CO, produced at the
anode [240,241]. Methanol tolerance of Fe-NCNT-2 is apparent from the high
open circuit voltage (OCV) of 0.70 V compared to 0.66 V for Pt/C. Furthermore,
due to the high OCV also the maximum power density is reached at a higher
potential than with Pt/C, which is important for applications requiring a minimum
voltage to work. Maximum power densities for Fe-NCNT-2 and Pt/C are
1.21 mW cm 2 at0.24 V and 2.26 mW cm 2 at 0.21 V, respectively. These values
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show improvement compared to earlier measurements in a similar alkaline fuel
cell without aqueous alkaline electrolyte [211,213,242]. With an aqueous alkaline
electrolyte added to fuel solution, a ten-fold increase can be expected [243].
However, we avoided using alkaline solution as it negates the advantage of a solid
electrolyte membrane by introducing free cations into the system, which can
precipitate with carbonate ions produced from the anode reaction [244]. Finally,
the power densities are small compared to acidic DMFCs [245,246] meaning that
the lower conductivity of OH™ compared to H" and membrane properties still limit
the performance of the fuel cell.

The mass-specific maximum power density normalised to the cathode catalyst
are 0.81 and 1.67 W g ' for Fe-NCNT-2 and Pt/C (only Pt mass included), re-
spectively. This means that the mass activity of Fe-NCNT-2 is 48% of that of Pt
and considering that it is made from inexpensive and abundant raw materials, this
emphasises its role as an excellent replacement for Pt with higher loadings. The
relative performance of Fe-NCNT-2 compared to Pt/C is better than in the RDE
measurements. This could be due to mass transfer enhancement through large
secondary pores that CNTs tend to form in a fuel cell catalyst layer with the FAA3
ionomer as was shown in previous studies [170,11].

Figure 38 shows the results achieved in a H»/O, fuel cell with a Tokuyama
A201 membrane using either the Co/N/MWCNT-1 catalyst, a 20 wt.% Pt/C
catalyst from E-TEK or the Tanaka 46.1 wt.% Pt/C as the cathode (more details in
section 6.9). The Co/N/MWCNT showed higher performance (116 mW c¢m ?) than
the CoOPc/MWCNT (105 mW cm2) and E-TEK 20% Pt/C catalyst (115 mW cm?)
and close to the 46.1 wt.% Tanaka catalyst (133 mW cm?).
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Figure 38. AEMFC performance of MEAs with Co/N/MWCNT along with
CoPc/MWCNT, E-TEK 20% Pt/C and Tanaka 46% Pt/C catalysts based cathodes using
Tokuyama’s A201 series anion exchange membrane.
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The work on M,N-doped MWCNTs presented here had an important impact in
demonstrating the viability of NPMCs as a catalyst in alkaline membrane fuel
cells. It showed the effectiveness of transition metal and nitrogen doping to
increase the performance of carbon-based catalysts to a level over Pt/C in both
alkaline DMFCs and AEMFCs. In addition to that, it laid the groundwork for
further progress, as is shown in the next chapters. The synthetic process was
optimised and important issues identified (such as the agglomeration of metal into
particles).

7.2.2 Electroreduction of oxygen on Fe-/Co- and nitrogen-doped
MWCNTs in acidic conditions

In addition to tests in 0.1 M KOH and in alkaline fuel cells, the activity of Fe- or
Co- and nitrogen-doped MWCNTs was also studied in acidic conditions (i.e. as
a replacement for Pt on the cathode of PEMFCs). Catalysts doped with only
nitrogen have little activity in acidic media, however, catalysts incorporating
transition metals as well are known to be a viable replacement for Pt (as discussed
in chapter 4.3.1) [45,73,247-249]. Similar to alkaline media, the RDE method
was employed to study the ORR activity of Fe-NCNT and Co/N/MWCNT
materials in 0.5 M H,SO4. Nafion was used as the binder here, with a con-
centration of 0.05% in the 2 mg ml™' dispersion of catalyst materials. 20 pl of the
dispersion was pipetted onto a GC electrode, leading to a loading of 200 pug cm™.
A comparison between the NPMCs and 60 wt.% Pt/C is given in Figure 39. The
activity of Fe-NCNT-1 and Co/N/MWCNT-1 was rather moderate: the onset
potentials were 440 and 430 mV vs SCE, respectively. The treatment in acids
significantly lowered the overpotential for ORR on these materials, with the onset
potential shifting to 560 mV vs SCE on Fe-NCNT-2 and 520 mV vs SCE for
Co/N/MWCNT-2. The reason for the positive shift here is the same as in alkaline
media: soluble metal species and amorphous carbon are removed from the surface
of the catalyst, leaving more active material by mass and increasing the
accessibility of the active sites on the surface of it. The smaller comparative
increase in the case of Co is once again due to the disappearance of Co-Co active
sites in the Co/N/MWCNT catalyst, which makes the increase relatively lower.
Still, as compared to Pt/C catalyst, the ORR activity of M-NCNT catalysts is
considerably lower, the Eonset being approximately 0.1 V and £/ ca. 0.15 V more
negative for Fe-NCNT?2.
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Figure 39. RDE polarisation curves for O, reduction on Fe-NCNT and Co/N/MWCNT

catalysts and on a commercial Pt/C catalyst in O»-saturated 0.5 M H,SO4. v=10mV 57!,
o = 1900 rpm.

A K-L study was also conducted on the M-NCNT materials in acidic conditions
to further analyse the ORR on these catalysts. Figures 40b and 40d present the
K-L plots corresponding to RDE data in Figure 40a and 40c, respectively, and
the values of n calculated from the slopes of the K-L plots are shown in the insets.
In the case of Fe-NCNT-2 the intercept from extrapolating the K-L plot is over
zero, which shows that even at the more negative potential values the ORR process
is not diffusion-limited. Both of the catalysts show some nonlinearity in the K-L
plots as well, a common occurrence with thick catalyst layers, which somewhat
changes the n values calculated [250]. Still, it is evident that these catalysts are
different in terms of n values. On Fe-NCNT-2, the reduction of O, predominantly
follows a 4¢” pathway at all potentials studied and the main product of the ORR
is H,O. However, on Co/N/MWCNT-2 catalyst the value of # is only ca. 3.1 at
0.2 V and it increases at more negative potentials up to ca. 3.5, indicating that a
considerable amount of H,O; is produced. This is an undesirable side product, as
it can degrade the fuel cell membrane [251] and the production of peroxide
decreases the efficiency of the fuel cell. H,O» is a neutral molecule in acidic
conditions compared to its ionic counterpart HO, (pKi=11.69 at 25 °C [252]) in
alkaline conditions and much more likely to desorb from the electrode because
the further reduction of HO,™ in alkaline conditions is much quicker than the
reduction of H>O; to water in acid [25,45,80,86]. The nanoparticles seen in TEM
images in both of the catalysts are known to have a positive effect on the stability
of intermediate products on M-Nj active sites (i.e. they are not as quick to desorb
and react with parts of the catalyst/fuel cell) [86,233]. Thus the amount of Fe-Ny
sites nearby Fe/Fe;C particles could be higher than Co-Nyx near Co-containing
particles. A further analysis of this would require a thorough X-ray absorption
study, which was outside of the possibilities of the author at the time unfortunately.
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Figure 40. RDE polarisation curves for O, reduction on (a) Fe-NCNT-2 and (c¢) Co/N/
MWCNT-2 catalysts in O-saturated 0.5 M H»SOs at various electrode rotation rates:
(1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. v =10 mV s'. Koutecky-
Levich plots for O, reduction derived from the data presented in (a) and (c) are shown in
(b) and (d), respectively. Insets display the dependence of n on electrode potential.

The observation that Fe-containing catalysts are more active for ORR than their
Co-containing counterparts is in agreement with several earlier studies [56,65,81].
First, the active centres formed during pyrolysis may differ for Co- and Fe-based
materials. For instance, it has been found that while pyrolysing the metal-con-
taining catalysts derived from polyaniline at 900 °C, the Co-N centres decompose
and Co-Co bonds form, whereas Fe is suggested to remain as Fe-N structures
[221]. The effect of Co-Co bonds on the ORR activity can be seen in numerous
works, where cobalt and cobalt oxide nanoparticles catalyse the ORR without
Co-N; centres. It has been found that the O, molecule binds to the Co-Co centre
with length around 4 A in a cis configuration, rendering the O-O bond much more
easily broken and favouring the 4-electron pathway. A shorter or longer Co-Co
bond means that the O, molecule binds in a trans configuration, which favours
the 2-electron pathway [228]. However, it has recently been shown that Co-Nx
sites can also catalyse the ORR even without any Co-Co bonds [81]. It has also
been found that Co-containing catalysts have more pyridinic-N, but Fe increases
the quantity of graphitic and pyrrolic nitrogen [253], which can have its own
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implications on the pathway ORR takes [53]. In addition, it has been shown that
both metals can catalyse the growth of CNTs by graphitisation of dicyandiamide,
Fe precursor yielding the largest carbon nanotubes with highest ORR activity and
lowest peroxide production as in this case [254]. The mass activity of 60% Pt/C
at 0.5 V vs. SCE was 110 A g 'cauatyst (183 A g7'py), a value still far higher than those
of Fe-NCNT-2 and Co/N/MWCNT-2, which had mass activities of 5.5 and
1.1 A g, respectively.

Short-term stability tests were carried out on Fe-NCNT-2 and Co/N/
MWCNT-2 catalysts to test their suitability in a real fuel cell. A comparison of
the RDE polarisation curves recorded before and after 1000 potential cycles in
O;-saturated 0.5 M H»SOs solution (Figure 41) shows a rather significant decrease
of the activity for Fe-NCNT2, as the value of /i calculated at 0.5 V decreases
from 0.28 mA to 0.10 mA. Co-NCNT?2 appears to be more stable, since the change
of Ii is negligible during potential cycling. On the other hand, a gradual decrease
of the current at negative potentials was observed for Co/N/MWCNT-2, but not
for Fe-NCNT-2. Low stability of Fe-containing N-doped catalysts in acidic
conditions is a major drawback of NPMCs and this can be due to several reasons,
such as leaching of the active metal site, oxidation by H,O, and protonation of N
centres followed by anion adsorption [255]. The first option is not very likely in
this work, as Fe-NCNT-2 was pre-treated in acids that should remove the acid-
sensitive metal species, however it must be noted that repetitive Fe*"/Fe** switching
such as in this potential range is known to induce iron dissolution even from Fe-Nx
sites stable in acid [90,256]. Oxidation by H»O, is possible, however, the K-L
analysis (Figure 40) indicates that more H»O, is produced by Co/N/MWCNT-2
that appears to be more stable. This may be explained by indirect mechanism
involving *OH radicals that are produced from H,O, by Fe’" ions in Fenton’s
reaction [89,255,256]. Another viable explanation to activity decrease is anion
binding to protonated N centres [71]. This is also in accordance to our results, as
protonation affects the pyridinic N centres and not graphitic N and former is more
abundant in Fe-NCNT-2, as suggested by XPS results. As for all carbon-based
catalysts, carbon corrosion is a major cause of the deactivation also for metal-
containing N-doped materials [90,256], however, it is expected to occur at more
positive potentials than here (the range here is up to ca. 0.85 V vs RHE).
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catalysts in Os-saturated 0.5 M H,SO4 before and after repetitive potential cycling.
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7.3 Electrocatalysis of oxygen reduction
on metal- (Fe or Co) and nitrogen-doped CDCs and
MWCNT/CDC composites

The third part of the thesis deals with the electrocatalysis of ORR on Fe-/Co- and
nitrogen-doped CDCs and MWCNT/CDC composites in alkaline conditions
[VIII-X, XIV] for either the alkaline DMFC [VIII] or H,/O, AEMFC [IX,X] and
in acidic conditions for the PEMFC [XI-XIII]. The main subject here was the
development of a method for doping and reducing the particle size of CDC
materials using ball-milling and sonication. For this purpose, multiple variations
of ball-milling (dry, wet milling and the usage of different sizes of balls) and
ultrasound were used.

7.3.1 Fe-/Co- and nitrogen-doped CDCs as catalysts
for alkaline membrane fuel cells

Iron/cobalt and nitrogen doping of the CDC materials was done with the same
procedure developed in this work previously for MWCNTs [1V,V,VI], which was
combined with the nitrogen doping work done on CDCs [VII]. Shortly, TiC (the
same one as used in [VII]) was chlorinated by Skeleton Technologies OU (Estonia),
which was then mixed with DCDA and either CoCl, or FeCl; and pyrolysed to
create M-N-C active sites (more details are available in section 6.6). These catalysts
were tested for ORR catalytic activity and then as the cathode in a DMFC and an
AEMFC.
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The morphological properties and microstructure of the nitrogen- and Fe-/Co-
doped CDC catalysts were studied with SEM (Figure 42a,b). A characteristic area
of the Fe-N-CDC sample is shown in Figure 42a, with CDC particles with a
crumpled morphology of varying sizes visible. In addition to the doped CDC
there are some tubular formations, which can be ascribed to the MWCNTSs created
from DCDA during the pyrolysis, as seen previously [IV,V,VI]. The carbon
nanotubes improve the stability of the otherwise highly amorphous CDC material
and also change the mass-transfer properties in the catalyst layer. The channels
between larger M-N-CDC grains improve the mass transport in the catalyst layer,
which is very important in fuel cell applications and the microporous structure
insures efficient ORR electrocatalysis. Figure 42b shows the surface morphology
of the Co-N-CDC counterpart, with the crumpled morphology more clearly
visible, but overall similar morphology to Fe-N-CDC.

D | SE_ 20 4.5mm |0

Figure 42. SEM images of (a) Fe-N-CDC and (b) Co-N-CDC catalysts.

N> physisorption was used to study the specific surface area and porosity of the
transition metal-containing nitrogen-doped CDC catalysts. The porosity char-
acteristics for the two catalysts are fairly similar, with the Fe-N-CDC catalyst
having higher microporosity than the Co-N-CDC catalyst and a somewhat smaller
total pore volume and average pore size (Table 8).

Table 8. Textural properties of M-N-CDC materials: BET surface area (Sger), pore
volume (Vio), micropore volume (V) and average pore size (d).

Catalyst Sper, m? gt Vy, cm3 g1 Viot, cm® g1 dp, nm
Co-N-CDC 1908 0.834 1.165 1.22
Fe-N-CDC 1966 0.908 1.153 1.17
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N> adsorption-desorption isotherms, presented in Figure 43a, have a typical shape
of combined Type I and II adsorption branches, which is often found for micro-
mesoporous carbon materials [257]. The N-CDC material from [VII] is also
included for comparison. All three isotherms contain the hysteresis loop of Type
H4 with the sharp step-down of the desorption branch at P/Py ~0.4-0.45.
Comparison to N-CDC isotherm confirms that the doping with metal has no effect
on the mesoporous part of the parent carbon, however, reduces the volume of
micropores. Interestingly, the total pore volume is almost equal in N-CDC and
M-N-CDC catalysts. With highly porous catalysts it is also very interesting to
compare the pore size distributions, which are given on Figure 43b. The pore size
distribution for the M-N-CDC catalysts is nearly the same, with Fe-N-CDC
having somewhat more pores with a width under 1 nm and also in the 3—4 nm
range. When compared to N-CDC, however, it is immediately apparent that many
of the pores sized between 1 and 1.5 nm have been filled in the case of M-N-CDC
catalysts. The reason is likely M-Nx centres filling the pores in this size range,
which could be useful for further choice of CDCs; a maximum number of pores
of this size should give a larger number of M-N sites in the resulting catalyst
when using DCDA and metal salts as the doping materials. This finding is in
accordance with previous studies [47] which found the optimal pore size for
active sites to be between 0.5 and 2 nm, but further narrows down the range.

e
©
T

< 800 Co-N-CDC |
0.7 wens FE-N-CDC 1
700 < E ol ----N-CDC

0.5

(-]
(=
o

0.4}

o
(=]
o

0.3

B
o
o

0.2

Adsorbed Ng volume [cm3 gl

0.1

---- N-CDC

w
o
o

Pore size distribution / cm’nm” g"

[ (a) ,
0.0 0.5 1.0
Relative pressure [p/pg]

0.0

Pore width / nm

Figure 43. Comparison of N, adsorption-desorption isotherms (a) and pore size
distributions (b) for Co-N-CDC, Fe-N-CDC and N-CDC.

SEM-EDX analysis of the Fe-N-CDC catalyst revealed that the N content in the
bulk of the material was 4.1 at.% and the Fe content was 1.4 at.%. In the Co-N-
CDC material, the nitrogen content was 5.3 at.% and the cobalt content was only
0.65 at.% in the resulting catalyst, however, noting a lower stability of the cobalt
phases towards acid leaching. This is likely because of the smaller amount of
carbon nanotubes formed during the pyrolysis step (as visible from SEM). Metal
nanoparticles inside CNTs are known to be very stable towards acid treatment.
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To assess the elemental composition near the surface of the M-N-CDC
catalysts, polished Si plates were covered with the catalyst materials and the XPS
measurements were undertaken. Figures 44a—c show the results of Co-N-CDC XPS
testing and Figures 44d—f the results of the XPS analysis of Fe-N-CDC catalyst.
Figure 44a presents the XPS survey spectra for Co-N-CDC, which revealed four
recognisable peaks according to the BE values for Cls, N1s, Ols and Co2p. The
overall content of oxygen in the surface layer of the catalyst was 1.81 at.%, while
the nitrogen content was 4.19 at.% and the cobalt content 0.42 at.%. The relative
content of graphitic nitrogen, which corresponds to a nitrogen atom linked to three
carbons in a six-member cycle and is considered one of the nitrogen moieties
most active towards the ORR was 23.2% in this catalyst. The relative content of
the other active type, pyridinic nitrogen, was 50.2%, but this also includes the
contribution from Co-Ny sites [258]. The relative contents of two of the other
types, pyrrolic-N and pyridinic-N-oxide, were 16.5% and 10.1%, respectively.
The XPS survey spectrum for Fe-N-CDC material, which also consisted of four
distinct peaks, is presented in Figure 44d. In this case the Fe2p peak is not very
well visible as the iron content in the surface layer was only 0.14 at.%. The
oxygen content was 2.23 at.% and the nitrogen content 2.51 at.% in this sample.
The deconvoluted N1s XPS peak for Fe-N-CDC is shown in Figure 44e. The
relative content of pyridinic-N in this catalyst was determined to be 37.6% and
the graphitic-N content 23.1%, while the relative contents of pyridinic-N-oxide
and pyrrolic-N were 12.1% and 27%, respectively. The high-resolution Co2p and
Fe2p XPS spectra are presented in Figures 44c and 44f, but due to the serious
difficulties in the deconvolution of these spectra and the low signal-to-noise ratio
it was not possible to determine the exact configurations for Co and Fe. It is
interesting to note that the catalyst material containing cobalt had a much larger
relative content of pyridinic nitrogen than its iron-containing counterpart and both
metals changed the relative contents for different types of nitrogen when
compared to a similar CDC material doped with only nitrogen [VII]. However,
both metals induced the nitrogen content to be much higher in the surface layer
of the material, which may increase the overall ORR activity of the catalysts.
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The RDE method was employed to investigate the electrocatalytic activity of
transition metal-containing nitrogen-doped CDC catalysts towards the ORR in
0.1 M KOH solution. Figure 45a shows the O reduction polarisation curves for
a GC electrode modified with Fe-N-CDC catalyst. The Eonset value for this catalyst
is 79 mV vs SCE, which is 31 mV more positive than with our previously studied
N-doped CDC material. This shows the effect of added transition metal on the
catalyst: the Fe-Ny sites and iron particles covered with nitrogen-doped graphitic
layers facilitate oxygen reduction and shift the O, reduction wave somewhat more
positive as compared to metal-free nitrogen-doped CDC materials. The reduction
current values are also rather high for such a low catalyst loading. Figure 45b
demonstrates the K-L plots derived from the ORR polarisation curves with the
values of # shown in the inset. The #n values were close to 4 in the whole potential
range studied for both of the M-N-CDC catalysts. The values of n above 4 can be
explained by the structure of the catalyst layer on a GC electrode being somewhat
uneven and the catalyst itself being highly porous. This could lead to slightly non-
laminar electrolyte solution flows in RDE mode. The electrochemical oxygen
reduction behaviour of the Co-N-CDC catalyst presented in Figure 45c is very
similar to that of Fe-N-CDC, with the Eonet value being somewhat more negative
on this catalyst. It is interesting that even though these catalysts have very different
nitrogen and metal content on the surface, as identified by the XPS analysis, their
overall electrocatalytic ORR activity is nearly the same. The surface-to-bulk ratio
of cobalt content in Co-N-CDC material is much higher than surface-to-bulk ratio
of iron in Fe-N-CDC, which is due to a larger amount of nitrogen doped carbon-
coated iron particles and nanotubes formed during the pyrolysis in Fe-N-CDC
visible from the SEM images. As the iron particles covered in carbon do not give
an iron signal in XPS, the bulk content as determined by EDX and the surface
content as determined by XPS differ much more in this case than in Co-N-CDC.
These phases are also more stable in acid, which causes the metal content in the
final Fe-N-CDC catalyst to be higher than in Co-N-CDC even though the starting
metal concentration was higher in the case of Co. Co-N-CDC also demonstrates
high O; reduction currents and a value of n close to 4 (Figure 45d), meaning that
0O, is reduced to water via 4-electron pathway on this catalyst. Interestingly, the
relative contents of the two nitrogen surface species known to be active (graphitic
and pyridinic nitrogen) are rather different in both catalysts but result in a similar
ORR celectrocatalytic activity. As can be seen, the fact that the transition metal
and nitrogen are much more homogeneously distributed in Fe-N-CDC plays little
role in the RDE testing of electrocatalyst materials, but in fuel cells the effect is
much more prominent.
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Figure 45. RDE polarisation curves for ORR on (a) Fe-N-CDC and (¢) Co-N-CDC
modified GC electrodes in O,-saturated 0.1 M KOH. v=10mV s, w = (1) 360, (2) 610,
(3) 960, (4) 1900, (5) 3100 and (6) 4600 rpm. K-L plots for O, reduction on (b) Fe-N-CDC
and (d) Co-N-CDC catalysts in 0.1 M KOH. Insets show the potential dependence of n.

Figure 46 and Table 9 display a comparison of the ORR activity of transition metal-
containing nitrogen-doped CDC catalysts and a commercial 60% Pt/C catalyst in
Os-saturated 0.1 M KOH solution. Both of the M-N-CDC catalysts behave very
similarly, with the Egnset Value 39 mV (Fe-N-CDC) or 62 mV (Co-N-CDC) more
negative than that of the commercial 60 wt.% Pt catalyst (which was used in the
DMEFC study) and Ei» ~30 mV more negative. The kinetic current densities at
0.8 V vs RHE (converted to the RHE scale by calibrating the SCE electrode vs a Pt
wire) were 9.1 and 8.2 mA cm for Fe-N-CDC and Co-N-CDC, respectively, ex-
ceeding those of the N-doped CDC, but still somewhat below Co/N/MWCNT-2.
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Figure 46. A comparison of the RDE results of O, reduction on Fe-N-CDC, Co-N-CDC
and commercial 60% Pt/C modified GC electrodes in Oz-saturated 0.1 M KOH solution.
v=10mV s}, @ = 1900 rpm.

Table 9. ORR parameters of the iron-/cobalt- and nitrogen-doped carbide derived catalyst
materials and Pt/C in 0.1 M KOH.

Eonset Eip jkat 0.8 Vvs RHE
Catalyst (mV vs SCE) (mV vs SCE) (mA cm™)
1094 (base CDC) =213 =270 0.2
Fe-N-CDC =79 —-191 9.1
Co-N-CDC -102 -191 8.2
60 wt.% Pt/C -40 -161 12.8

The stability of the M-N-CDC catalysts was also tested with a modified glassy
carbon RDE in O,-saturated 0.1 M KOH. The catalysts were tested during 1000
cycles from 0 to —1.2 V vs. SCE (Figure 47). The Eonset and E)2 values remained
the same during the whole testing period, with a rather minimal change in the
limiting current values, proving the stability of both of these materials in alkaline
conditions. In fuel cell the conditions can however be somewhat different, as the
mass transfer process is much more affected by the porosity of the catalyst in fuel
cells. A large amount of micropores might be favourable to achieve high starting
activity [259], but also contributes to a rapid loss in activity of the catalysts due
to mass-transfer losses, which are especially apparent in fuel cell conditions as
the catalyst layer is thick [33]. The carbon nanotubes between N-doped CDC
grains in the M-N-CDC catalysts presented in this work, however, prevent this
by creating channels, which facilitate mass transport without a loss in activity as
the in-situ formed carbon nanotubes themselves are also highly active towards
the ORR [260]. This means the M-N-CDC materials have excellent potential to
replace Pt as a cathode catalyst in low-temperature fuel cells, such as alkaline
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direct methanol fuel cells. To prove the suitability of these materials in real
alkaline DMFCs, Fe-N-CDC was tested as the cathode catalyst and compared to
the performance of the commercial 60% Pt/C material as the Fe-N-CDC catalyst
had more microporosity, which should lead to a higher activity in fuel cells.
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Figure 47. The stability of Co-N-CDC (a) and Fe-N-CDC (b) modified GC electrodes
in Op-saturated 0.1 M KOH solution during 1000 potential cycles. v=10mV s,
o = 1900 rpm.

In a DMFC, one of the key problems with platinum-based catalysts is the cross-
over of methanol through the anion exchange membrane from the anode side of
the cell onto the cathode, which results in a fuel loss in the cathode area and a
mixed electrode potential [21]. To eliminate this possibility in our fuel cell
testing, we first tested the methanol tolerance of the Co-N-CDC and Fe-N-CDC
catalysts in a 0.1 M KOH solution, which also contained 3 M methanol. As seen
from Figure 48, the methanol addition has very little effect on the ORR activity
of the catalyst and as such the effect of methanol crossover should be negligible.
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Figure 48. ORR polarisation curves on Co-N-CDC (a) and Fe-N-CDC (b) modified GC
electrodes in O-saturated 0.1 M KOH solution with and without 3 M MeOH added.
v=10mV s, @ = 1900 rpm.
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Alkaline DMFC testing was performed with Fe-NCDC, Co-NCDC and
commercial Pt/C catalysts. The measured polarisation and power density curves
are presented in Figure 49, normalised to both the fuel cell area (Figure 49a-b)
and cathode catalyst mass (Figure 49c—d). The fuel was 1 M methanol solution
in both deionised water and 0.1 M KOH.
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Figure 49. DMFC performances of Fe-NCDC (red squares, 1.73 mg rencpe cmi?),
Co-NCDC (blue triangles, 1.83 mgco-nepe cm?) and Pt/C (black circles, 1.27 mgp; cmi?)
catalysts in alkaline DMFC with a Fumatech FAA3 membrane (50°C). At the anode
(0.2 ml min™): 1 M methanol (filled symbols) and 1 M methanol with 0.1 M KOH (empty
symbols). At the cathode: pure dry O, (200 ml min™"). (a) Current density and (b) power
density normalised to fuel cell area. (¢) Current density and (d) power density normalised
to the mass of Pt or Fe-NCDC at the cathode.

Without 0.1 M KOH, the performance of the DMFC is poor and Pt/C performs
better than Co- and Fe-NCDC cathode catalysts. The maximum power densities
are 2.07mWcm? or 1.63 W gp' at 020V for Pt/C; 1.46 mW cm™? or
0.84 W grencpc ' at 0.24 V for Fe-NCDC and 1.43 mW ¢cm ™ or 0.78 W gconcpe '
at 0.23 V for Co-NCDC. The poor performance can be attributed to the fact that
CO; is produced from methanol at the anode and it will convert to negatively
charged HCOs™ in water [240]. This will then neutralise the MEA by replacing
OH™ in the membrane and ionomer affecting also the cathode environment.
Furthermore, the conductivity of the system is lowered by the replacement of OH™
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with HCOjs™. Pt/C is generally a good ORR catalyst in all environments and can
function better than the synthesised catalysts in these challenging neutral con-
ditions. However, the methanol tolerance of Fe- and Co-NCDC can be observed
from the high OCV compared to Pt/C (0.69 and 0.64 V versus 0.60 V). This
allows the maximum power density to be reached at a higher potential, which is
important for applications requiring a minimum voltage to work. The addition of
0.1 M KOH to the fuel solution dramatically improves the DMFC performance
as the membrane and the ionomer remain in OH™ form during operation. Fe-NCDC
now performs even better than Pt/C: the Pp.x values are 4.70 mW cm™ or
370 W gp(1 at 0.17 V for Pt/C; 6.85 mW cm 2 or 3.96 W gl:e.m;[)c’1 at 0.30 V for
Fe-NCDC and 6.21 mW cm * or 3.40 W gconcene ' at 0.27 V for Co-NCDC. In
the case of Fe-NCDC, this indicates a remarkable 7% increase compared to Pt/C
in mass specific performance with a catalyst made from cheap and abundant raw
materials. The current and power densities for Fe-NCDC are especially high in
the whole voltage region from OCV to 0.2 V indicating low activation over-
potential and the benefit from methanol tolerance. This can also be seen from the
OCVs, which are almost 0.1 V higher than without KOH (0.68 and 0.77 V for
Pt/C and Fe-NCDC, respectively). At very high current density region, Pt/C
performs better possibly due to mass transfer losses in the unoptimised catalyst
layer with Fe-NCDC. Co-NCDC behaves similarly but the overall performance
is lower than with Fe-NCDC as is expected from the RDE measurements. The
absolute performances are not as impressive as in recent alkaline DMFC studies
[240,243,261], however, this is due to the low KOH concentration (0.1 M) we
used to have better correspondence to RDE conditions, relatively low catalyst
loading (1.73 mg cm ™) and the restricted operating temperature (50 °C) due to
FAA3 membrane.

Next, the Fe-N-CDC and Co-N-CDC catalysts were tested as the cathode in
an AEMFC using the Tokuyama A201 membrane and AS-4 ionomer. The catalysts
were synthesised with the same method, albeit from a different TICDC which led
to a somewhat more mesoporous material with less surface area, but a higher
surface nitrogen content and very similar ORR activity [IX] (small differences in
the ORR activity in RDE mode can arise from the different ionomer used in the
studies). Figure 50 compares the single cell AEMFC performance of Tokuyama
A201 AEM based MEAs with Co-N-CDC and Fe-N-CDC cathode catalysts, using
humidified H, and O, gases at 50 °C. Co-N-CDC and Fe-N-CDC materials per-
formed almost similar, having peak power densities of 78 and 80 mW cm™,
respectively. In order to compare the performance of these two CDC supported
non-Pt catalysts, commercial 46.1 wt.% Pt/C catalyst was also evaluated and the
AEMFC performance was compared at identical operating conditions to other
non-platinum catalysts. Tanaka 46.1 wt.% Pt/C catalyst showed the highest per-
formance with the peak power density of 90 mW cm™. At the same time the OCVs
of the non-Pt catalysts were only 40 mV lower than the OCV of Pt/C (1.06 V)
which shows the great potential of the Co-N-CDC and Fe-N-CDC catalysts to be
suitable replacements for Pt-based catalysts in AEMFCs.
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However, additional work needs to be done to optimise the operating con-
ditions in order to improve the fuel cell performance at elevated temperature and
reach the highest power densities reported in the literature. A power density with
Tokuyama’s AEM reported by Li et al. was about 180 mW cm™ using Co-Fe/C
catalysts [262]. The comparatively similar fuel cell testing results also show the
good mass transfer properties of Co-N-CDC and Fe-N-CDC catalysts as the com-
mercial Pt/C catalyst (TKK) is considered to be one of the best catalysts for its
optimal specific surface area, porosity and particle size. These optimised catalyst
parameters help to efficiently distribute the gases throughout the whole catalyst
layer and at the same time a higher number of micropores allow for access to a
higher number of active sites. Due to water not being formed on the cathode in
AEMFCs the problem of micropore flooding common in PEMFCs is avoided
here, allowing for the use of highly microporous catalysts [87,263]. However, at
higher current densities there is likely a problem with water removal from the
anode. The MEA and fuel cell system needs further optimisation and good choice
of GDL depending on the catalyst morphology to reach the highest current
densities reported in the literature [262,264-266]. The best AEMFC results often
use in-house components such as membranes, GDLs, flow fields or novel MEA
fabrication procedures. As a conclusion, it can be summarised that the excellent
performance of the Co-N-CDC and Fe-N-CDC catalysts compared to the com-
mercial 46.5 wt.% Pt/C is the combined result of high catalytic activity for ORR
and a favourable porous catalyst layer structure providing necessary mass trans-
portation properties.

4 T . T . 73100
1.0+ 80
09f 17 e
08 leo §

> 0.7+ —=—PUC 46.1 wt.% %

~ —a— Co/N/CDC

S o06f T Fencoc 140 =
0.5} %

' 20
0.4}
0.3 i 1 1 1 1 1 1 i 0
0 50 100 150 200 250
JImA cm2

Figure 50. H»/O; fuel cell performance of MEAs with M/N/CDC catalysts and com-
mercial 46.1 wt.% Pt/C cathodes using a Tokuyama A201 anion exchange membrane.
T=150°C, anode: 46.1 wt.% Pt/C.

As seen in [VII-XIII], ball-milling of the CDC material along with the doping
agents (especially in the case of Phen) notably decreases the specific surface area.
In [XIII] it was displayed that ball-milling alone is not at fault for this effect and
that it is a combination of pore closure by Phen and crushing of pores during the
ball-milling process. To further increase the performance of Fe-N-CDC in the
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mass-transport region, a strategy to decrease the particle size of the catalyst from
the micrometre-sized grains to ~100 nm with minimal loss of porosity due to ball-
milling was developed using experience and data from ball-milling different
CDCs [ VII-XIII]. Shortly, the material was ball-milled with zirconia beads either
5 or 0.5 mm in size and in either solid or liquid phase. As a surfactant to further
enhance the ball-milling, PVP was added to one sample.

Figure 51 illustrates with SEM the effect of ball-milling on the particle size of
the catalysts, after pyrolysis. Figure 51a shows a SEM image of the catalyst
obtained by pyrolysis (same conditions as the other samples) of the FeN-SiCDC-
wet precursor material. The latter was obtained by mixing SiCDC, Phen and
iron(Il) acetate in ethanol using simply sonication and followed by drying. A
variety of particle sizes is shown with large catalyst particles (diameter higher
than 1 pm) dominating and some particles with a diameter over 10 pm also visible.
For the same composition of the catalyst precursor (same ratios of SiICDC, Phen
and iron(Il) acetate) but after ball-milling with 5 mm ZrO, beads followed by
pyrolysis (FeN-SiCDC-5-400, Figure 51b), one can see that the average grain size
has decreased somewhat, with a higher fraction of particles in the range of 1 pm
vs. those in the range of 5-10 um in Figure 51a. The particles in FeN-SiCDC-5-400
are also rounder than those in the SiCDC pristine material and in the FeNC
catalyst obtained without milling the precursors. Increasing further the ball-
milling rotation rate in dry conditions and with 5 mm ZrO, beads only slightly
decreased the particle size of the final catalyst (not shown). In contrast, a
significant effect from using smaller ZrO; beads and in wet conditions (ethanol)
can be seen in Figure 51c for the catalyst FeN-SiCDC-0.5-400-wet. It must be
noted, in addition, that milling in dry conditions with 0.5 mm beads has, however,
negligible effect on the particle sizes because the balls tend to get stuck in the soft
precursor mixture and not grind efficiently. This is the reason why, in a following
attempt, ethanol was added to allow for movement of the beads. In those con-
ditions, the ball-milling becomes very effective, as the particle sizes seen in
Figure 51c and in the close-up in Figure 51d are much smaller than those achieved
with 5 mm beads without added ethanol. In Figure 51d, the smooth surface
morphology of the particles can also be seen. However, the particle sizes are still
quite varied and a significant fraction of particles have a size >1 pm, not ideal for
ink preparation and for cathode layer structure. Figures 51e,f show SEM images
of the FeNC catalyst prepared in similar conditions (i.e. with added ethanol) but
also in addition using PVP, labelled FeN-SiCDC-0.5-400-wet-PVP. Using a
surfactant such as PVP further helps to separate smaller particles formed during
the ball-milling and to enhance the milling itself, thereby giving a more uniform
particle size of <l pm. This represents a significant breakthrough since
decreasing the grain size of CDC-based catalysts to such extent has hitherto been
a challenge [77,267,268]. The rough surface structure of the FeN-SiCDC-0.5-
400-wet-PVP catalyst is shown with SEM at higher magnification in Figure 51f,
suggesting these particles are also highly porous.
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Figure 51. SEM micrographs of the FeNC catalysts obtained after same pyrolysis con-
ditions but different milling conditions (a) FeN-SiCDC-400-wet, (b) FeN-SiCDC-5-400,
(c,d) FeN-SiCDC-0.5-400-wet and (e,f) FeN-SiCDC-0.5-400-wet-PVP.

The structure of FeN-SiCDC-0.5-400-wet-PVP was further investigated by TEM
and HAADF-STEM (Figure 52). In Figure 52a, particles with sizes ranging from
tens of nanometres to hundreds of nanometres can be seen along with some denser
particles. Figure 52b shows the surface of the catalyst, with amorphous carbon as
well as bright nanometric clusters and bright single dots of atoms with higher
atomic mass than carbon also visible. The nanosize clusters in this image are
identified by EDX mapping to be rich in Zr and O (Figure 52e—f). We assign them
therefore to ZrO; particles coming from the beads and/or the walls of the grinding
jar used for the milling. In contrast, the bright dots uniformly distributed over the
whole mapped area can be assigned to Fe atoms in Fe-Ny sites as suggested also
by the uniform distribution of N atoms (Figure 52c—d).
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Figure 52. (a) TEM and (b) HAADF-STEM images of the FeN-SiCDC-0.5-400-wet-PVP
catalyst with (c—f) EDX elemental mapping images from the area shown in (b).

Figure 53a compares the X-ray absorption near-edge structure (XANES) spectra of
the four FeNC catalysts of the present study with that of a reference FeNC material
comprising only Fe-Ny sites (labelled Feos), whose active-site structure was
identified in our previous study [44]. The comparison reveals a similar XANES
fingerprint for FeN-SiCDC-5-400, FeN-SiCDC-0.5-400, FeN-SiCDC-0.5-400-
wet and Fegs, while FeN-SiCDC-0.5-400-wet-PVP has a slightly different spec-
trum that can be a result of a minor presence of Fe-based nanoparticles along with
Fe-Nj sites (see Figure S4 of ref. [44]). The fully atomically dispersed nature of
Fe in FeN-SiCDC-5-400, FeN-SiCDC-0.5-400 and FeN-SiCDC-0.5-400-wet was
confirmed by extended X-ray absorption fine structure (EXAFS) spectroscopy.
The Fourier transform of the EXAFS spectra (Figure 53b) of the four catalysts of
this study reveals a main peak around 1.4 A (not corrected for the phase shift)
assigned to the Fe-N first coordination shell, while a reduction of the intensity of
the first-shell peak and the appearance of Fe-Fe contributions for FeN-SiCDC-
0.5-400-wet-PVP vs. all other catalysts of the present study indicates the
coexistence of FeNy moieties with metal-based nanoparticles. A linear combination
fitting of the FeN-SiCDC-0.5-400-wet-PVP XANES spectrum was carried out
using the XANES spectra of FeN-SiCDC-0.5-400-wet (the catalyst prepared
identically except for the absence of PVP during milling) and metallic Fe foil as
references. As shown in Figure 53c the spectrum of FeN-SiCDC-0.5-400-wet-PVP
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is well reproduced by linear addition of the two reference components, with a
relative Fe proportion of 92% of Fe-Ny sites and 8% of metallic iron.
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Figure 53. XAS characterization of FeNC catalysts. (a) Comparison between the Fe K-edge
XANES experimental spectra of FeN-SiCDC-5-400 (dashed line), FeN-SiCDC-0.5-400
(dash-dotted line), FeN-SiCDC-0.5-400-wet (dotted line), FeN-SiCDC-0.5-400-wet-PVP
(black line) and FeNC (grey line) from ref. [44]. Note that all the spectra, except for the
spectrum of FeN-SiCDC-0.5-400-wet-PVP, are nearly identical. (b) Phase-uncorrected
Fourier transform of the experimental EXAFS spectra of the FeN-SiCDC catalysts and
the crystalline metallic Fe foil (for the latter, the signal is divided by a factor 5 for easier
comparison). (¢) Linear combination fitting of the Fe K-edge XANES spectra of FeN-
SiCDC-0.5-400-wet-PVP using the XANES spectra of FeN-SiCDC-0.5-400-wet and of
a metallic Fe foil as fitting spectral components.

The porosity in the FeNC catalysts of the present study were then investigated
with N, physisorption and compared to those of the SICDC pristine material. The
pore size distributions calculated from the N, adsorption-desorption isotherms via
the QSDFT model are shown in Figure 54 and the calculated textural properties
are given in Table 10.
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Figure 54. Pore size distributions for the pristine SiCDC and for the four FeN-SiCDC
catalysts.
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Using 5 mm zirconia balls and dry milling, the SSA of the final catalyst decreased
more than 3 times when compared to the starting CDC material (458 and
1363 m* g ', respectively, Table 10). This is similar in magnitude to the effect we
previously observed with 5 mm balls at the same rotation rate, which serves as a
starting point [269]. Changing the diameter of the zirconia balls from 5 to 0.5 mm
reduced the losses in Sger by a third, resulting in a catalyst with a BET area of
709 m? g for FeN-SiCDC-0.5-400 compared to 458 m* g ' for FeN-SiCDC-5-
400. This effect of the size of the zirconia balls on the SSA of the final FeNC
catalyst is similar if the milling is performed in ethanol (FeN-SiCDC-0.5-400-
wet has a BET area of 735 m? g''). However, the PSD of FeN-SiCDC-0.5-400
and FeN-SiCDC-0.5-400-wet are somewhat different (Figure 54), with less
volume of pores having a diameter under 1 nm when using wet milling. This
probably implies that more micropores of the pristine SICDC were closed in wet
vs. dry milling conditions. Thus, with the different milling conditions invest-
igated here, we identify that resorting to small zirconia beads and combined with
wet milling is beneficial for reducing catalyst particle sizes.

Surfactants are known to decrease agglomeration of milled particles and their
sticking to the milling jar and milling media, meaning that the final particle size
achieved can be smaller [270]. When adding PVP during the milling with small
zirconia beads and in wet conditions, the BET surface area of the resulting FeNC
is maximum, reaching 865 m*> g "' (FeN-SiCDC-0.5-400-wet-PVP, Table 10). The
loss of BET area compared to SiCDC is thus minimised to ca 40%. In our
previous study, we determined that when iron(Il) acetate and Phen are dispersed
on SiCDC without ball-milling, the Sger loss is also around 40%, due to the
blocking or filling of some micropores of SiCDC with the new carbon phase
derived from Phen during pyrolysis [269]. This means that wet milling with
0.5 mm ZrO; balls and added PVP in ethanol can completely avoid the negative
effect of ball-milling on the BET area.

Table 10. Textural properties of FeN-SiCDC catalysts as determined by BET analysis.

SBET, SpFT, Viots Viuploys | VuoFT),
Catalyst m? g} mig! | em’g! | emPg?! | em?g!
SiCDC 1363 1346 0.688 0.60 0.57
FeN-SiCDC-5-400 458 455 0.296 0.2 0.18
FeN-SiCDC-0.5-400 709 701 0.43 0.31 0.28
FeN-SiCDC-0.5-400-wet 735 710 0.55 0.24 0.28
FeN-SiCDC-0.5-400-wet-PVP 865 835 0.62 0.28 0.33
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The bulk elemental content of the FeN-SiCDC catalysts was measured via ICP-
MS (Table 11). The iron content is near 0.5 wt.% for all the catalysts, while signi-
ficant amounts of Zr is also present. The source of Zr is ZrO; from the grinding
jar and the balls used for ball-milling. SiC cores are also seen in the center of
some SiCDC particles (Figure 52a), implying that the chlorination pyrolysis used
to prepare SiCDC from SiC was incomplete. It is suggested that the residual SiC
renders the SiCDC material harder than carbon, or that SiC cores are separated
from SiCDC grains during the milling, eroding the ball-milling apparatus since SiC
is an extremely hard material and thereby explaining the presence of significant
amount of Zr in the catalysts. ZrO; is present as nanoparticles on the catalyst
surface as can be seen from the TEM images (Figure 52). However, in our previous
studies, we could exclude the ZrO, nanoparticles from having a large effect on
the high ORR activity observed for the present CDC-based FeNC catalysts
[77,267,269].

Table 11. Fe and Zr content in FeN-SiCDC catalyst materials as determined by ICP-MS.

Catalyst Fe Zr

wt.% +—wt.% wt.% +—wt.%
FeN-SiCDC-5-400 0.506 0.015 2.703 0.027
FeN-SiCDC-0.5-400 0.424 0.010 0.260 0.008
FeN-SiCDC-0.5-400-wet 0.430 0.008 4.735 0.123
FeN-SiCDC-0.5-400-wet-PVP 0.503 0.008 3.791 0.099

The surface elemental composition of the FeN-SiCDC catalysts was analysed by
XPS, with the most important results shown in Figure 55 (N1s core-level spectra
deconvoluted according to [72]) and in Table 12. An essential factor for the ORR
activity is the nitrogen content and speciation. It can be seen that decreasing the
zirconia ball size while keeping other ball-milling conditions the same increased
the overall N content by about 0.5 at.% (compare FeN-SiCDC-0.5-400 vs FeN-
SiCDC-5-400 in Table 12). More importantly, the increased N content is assigned
to the ORR-active Fe-Ny and pyridinic-N components. Introducing ethanol during
the ball-milling significantly lowered the total N content from ca 4 to 2 at.%
(FeN-SiCDC-0.5-400 vs. FeN-SiCDC-0.5-400-wet in Table 12), but also had an
important impact on the nitrogen speciation: the overall N content was divided
by two, however the Fe-Nx content was kept at a reasonably high level (0.72 at.%).
The negative effect when ball-milling in wet conditions on the total N content
however was avoided when wet milling was done in the presence of PVP. FeN-
SiCDC-0.5-400-wet-PVP has 4.5 at.% N, comparable or even higher than the N
content of FeNC catalysts prepared via dry milling. Simultaneously, FeN-
SiCDC-0.5-400-wet-PVP shows a higher nitrogen content engaged in Fe-Njsites,
1.47 at.%.
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Figure 55. XPS N1s core-level spectra for (a) FeN-SiCDC-5-400, (b) FeN-SiCDC-0.5-400,
(c) FeN-SiCDC-0.5-400-wet and (d) FeN-SiCDC-0.5-400-wet-PVP.

Table 12. Surface elemental composition and N speciation of the FeN-SiCDC catalysts.

Atomic concentration

per element, FeN-SiCDC- | FeN-SiCDC-| FeN-SiCDC- | FeN-SiCDC-0.5-
or per N species 5-400 0.5-400 0.5-400-wet 400-wet-PVP
Cat.% 90.22 89.14 89.32 86.62

O at.% 6.27 6.9 8.68 8.63

N at.% 3.5 3.94 2.01 4.5
Pyridinic N at.% 1.08 1.36 0.68 1.36
Imine at.% 0.49 0.37 0.1 0.56
Fe-Nxat.% 0.99 1.14 0.79 1.47
Pyrrolic N at.% 0.31 0.56 0.31 0.59
Graphitic N at.% 0.26 0.22 0.07 0.21

NO at.% 0.37 0.29 0.06 0.31
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For evaluating the ORR activity of the prepared FeN-SiCDC catalysts, the first
method used was RDE. Figure 56 shows a comparison of the electrocatalytic
activity of catalysts made by ball-milling a mixture of SiCDC, Phen and iron(II)
acetate using ZrO, beads of different sizes and conditions in O»-saturated
0.1 M KOH solution. Because increasing the rotation rate of the ball-mill during
synthesis over 400 rpm only decreased the particle size of the final FeN-SiCDC
catalysts somewhat, while bringing with itself more negative effects such as the
large decrease in SSA and destruction of the surface structure, which decreased
the ORR activity, smaller beads were used as an alternative. Decreasing the ball
size in a ball-mill is a known way to decrease the particle size of the final product.
Because a smaller particle size also increases the external surface area of a catalyst,
this can lead to an increase in the ORR electrocatalytic activity, especially in a
fuel cell where mass-transfer is complicated in highly microporous materials such
as the SiCDC-based catalysts presented here. Figure 56 shows the ORR activity
of catalysts prepared by ball-milling and pyrolysis at 400 rpm with both 5 and
0.5 mm balls employing dry and wet milling. Using simply dry milling with
0.5 mm beads was not very effective, because the catalyst precursor mixture tended
to stick to the walls of the ZrO, grinding jar and not mix very well, likely due to
the small force of impact of the smaller beads. The jx achieved at 0.9 V using this
method was 1.2 mA cm 2, over two times lower than when using 5 mm balls.
However, when ethanol was added to the precursors to create a motor-oil like
viscous mixture into the grinding jar, the effects were much more beneficial. The
precursors are much better mixed as a result and as can be seen from the SEM
images, the particle size is much decreased. This carries on to the ORR activity:
the ji value at 0.9 V vs RHE for FeN-SiCDC-0.5-400-wet catalyst is 2.8 mA cm .
Finally, because adding surfactants during ball-milling is known to enhance ball-
milling down particles to the nanometre size, we used PVP for this purpose.
Adding surfactants helps to avoid agglomeration of particles during the milling
and to further separate them and break them down to smaller ones. The wet
milling with smaller balls and PVP also managed to eliminate the negative effect
on the Sger of the catalyst from ball-milling. This addition has a large effect on
the ORR activity as can be seen from Figure 56. The jx for FeN-SiCDC-0.5-400-
wet-PVP is 3.8 mA cm?, which is the highest in this work and even surpassed
that of a commercial Pt/C (jx = 2.3 mA cm2at 0.9 V). To elucidate whether or
not simply using ethanol and PVP to disperse the precursors without any ball-
milling also has the same effect, a FeN-SiCDC-wet catalyst was synthesised by
simply sonicating the SiCDC, iron(Il) acetate, PVP and Phen in a beaker containing
ethanol, which was then dried and pyrolysed at the same conditions as the other
catalysts. As seen in Figure 56, the ball-milling has a significant effect, so this is
a crucial step in creating an active electrocatalyst for ORR.
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Figure 56. Steady-state ORR polarisation curves for the FeN-SiCDC catalysts using
different ball-milling conditions and a commercial Pt/C catalyst recorded in O,-saturated
0.1 M KOH. @ = 1900 rpm. The catalyst loading is 0.2 mg ¢cm2 for the NPMCs and
46 pgp cm 2 for Pt/C.

Figure 57 shows a comparison of the ORR electrocatalytic activity of catalysts
made by ball-milling a mixture of SiCDC, Phen and iron(Il) acetate using
different rotation rates of the ball-mill in O,-saturated 0.1 M KOH solution. For the
100 rpm ball-milled catalyst, the kinetic current density at 0.9 V was 0.7 mA cm >
(Table 13). Raising the rotation rate of the ball-mill to 400 rpm increased the ji
value to 2.9 mA cm . At 800 rpm, however, ji at 0.9 V decreased to 0.6 mA cm 2,
likely due to the CDC surface structure being destroyed by the high impact ball-
milling. Using no ball-milling at all and instead sonicating the reactants in ethanol
to disperse them followed by drying prior to the pyrolysis step resulted in the jix
value of 2.2 mA cm 2. The porosity of the final catalyst decreases as well at higher
rotation rates [269], which in turn also counteracts the positive effects of the
milling. Pyrolysis of carbon materials in the presence of a nitrogen source (1,10-
phenanthroline) and an iron source (iron(Il) acetate) is known to create active
sites for the ORR [55,77,267,271]. In this case the iron(II) acetate and Phen form
the Fe(Phen); complex [85]. The Phen ligands protect the Fe atoms from
agglomerating during the pyrolysis step, thereby leading to more Fe-Nj sites than
iron/iron carbide nanoparticles. As the rotation rate of the ball-mill increases, the
dopants are better dispersed onto the carbon material, which itself is also ground
into smaller particles with increasing rotation rate. A better dispersion of the
precursors also leads to more separation between the Fe atoms. Thus, 400 rpm is
selected as the optimum rotation rate for the ball-mill.

103



0+ FeN-SICDC5-100 ' ' ]
—x—FeN-SiCDC-5-wet 1{‘
4 | —=—FeN-sicDC-5-400 / { ]
o —<—FeN-SiCDC-5-800 7 i
£ Y, #
S -2t Y i 4
< Py
£ Pl
3+ < & X% -
E g
= ««««««“ 0od */
-4 <« 00 W e
«44::.0““‘ f}:
X
ARRKRKK Ak x)
-5+ ,,*w******:::: -n-::***”*****t*::'/ -
....lll..
6 i
1 1 1 1 1 1 1

-0.2 0.0 0.2 0.4 0.6 0.8 1.0

E/V vs RHE

Figure 57. Steady-state ORR polarisation curves for the FeN-SiCDC catalysts syn-
thesized using 5 mm ZrO, balls and different rotation rates for the dry ball-milling and
one sample where the reactants were dispersed in ethanol. Polarisation curves were
recorded in Os-saturated 0.1 M KOH solution. @ = 1900 rpm.

For testing the in situ activity of the FeN-SiCDC, catalyst-based MEAs with
different cathodes and a PtRu/C anode with a HMT-PMBI membrane were sand-
wiched in a fuel cell as described in the Experimental section. Figure 58 and
Table 13 show the results of the AEMFC testing. FeN-SiCDC-5-400, which had
the largest particle size, performs the worst at both higher voltages and at higher
current densities, with the current density at 0.9 V being 10.3 mA cm™ and the Py
achieved 282 mW cm™. Using 0.5 mm ZrO; beads for wet ball-milling increased
the fuel cell performance significantly, with the j at 0.9 V being 36.2 mA cm~ and
the Ppax 0f 333 mW cm for the FeN-SiCDC-0.5-400-wet catalyst. This is likely
due to the smaller particle size and better dispersion of the catalyst precursors as
well as retaining more surface area than FeN-SiCDC-5-400. A smaller particle
size is also beneficial for O, transport and ionomer access to the active sites,
which increases the performance at both high potentials and high current
densities. Adding PVP to the precursor mixture enhanced the activity even more,
with FeN-SiCDC-0.5-400-wet-PVP showing 52 mA cm™ at 0.9 V and Ppax of
356 mW cm™. The XPS results showed that the catalyst with added PVP also had
the highest elemental contents of nitrogen, especially that of the ORR-active
moieties in the near-surface layers, which is an important contributor to the high
ORR electrocatalytic activity of this catalyst. This is especially impressive when
compared to the respective values obtained with the commercial 46 wt.% Pt/C
cathode catalyst (36.5 mA cm™ and 352 mW c¢m™). This comparison shows that
the FeN-SiCDC-0.5-400-wet-PVP catalyst has the second highest ORR activity
at 0.9 V and 60 °C in fuel cell, only surpassed by a catalyst labelled as NH;-
activated Fe-N-C (80-90 mA cm ? at 0.9 V) [167]. Even considering the peak
power density (which depend on many other factors than the sole cathode catalyst
ORR activity), the results obtained in this work are surpassed by only five other
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reports on Fe-N-C cathodes, obtained with more advanced commercial or
developmental ionomers and/or AEMs [167,272-275]. 1t is well known in the
field that the ionomer morphology and AEM properties (thickness, conductivity,
water management) affect to an enormous extent the performance of AEMFCs at
high current densities [166,167,276], while the accuracy of the humidity control
by different fuel cell test stations plays an additional role. Therefore, based on the
ORR activity at 0.9 V and the internal comparison to a Pt/C cathode with same
AEM and AEI and in a same fuel cell test station in the present work, it is clear
that the FeN-SiCDC-0.5-400-wet-PVP catalyst is a promising alternative to the
commercial Pt/C catalyst in AEMFC.
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Figure 58. Single cell AEMFC polarisation curves using FeEN-SiCDC or a commercial
Pt/C cathode catalyst (0.4 mgp; cm2). The anode was a commercial PtRu/C catalyst with
0.8 mgpry cm 2 loading. T = 60 °C, cathode RH = 100%, anode RH = 82%, backpressure =
200 kPa.

Table 13. Kinetic current densities at 0.9 V vs RHE in the RDE setup and current
densities at 0.9 V in AEMFC using the FeN-SiCDC catalysts.

Catalyst Jk09v,rRDE (MA cm™2) | jogv,Mea (MA cm2)
FeN-SiCDC-5-100 0.7 -
FeN-SiCDC-5-wet 22 -
FeN-SiCDC-5-400 2.9 10.3
FeN-SiCDC-5-800 0.6 -
FeN-SiCDC-0.5-400 1.2 —
FeN-SiCDC-0.5-400-wet 2.8 36.2
FeN-SiCDC-0.5-400-wet-PVP 3.8 52.0

Pt/C 46 wt.% 2.3 36.5
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7.3.2 Fe- and nitrogen-doped MWCNT/CDC composites as catalysts
for alkaline membrane fuel cells

The microporous structure of the doped CDCs was thus both a blessing and a
curse, as seen in the previous chapter: although it leads to a large amount of very
efficient active sites, a lot of them might be buried in the micropores and not
available to O,. To alleviate this, the first strategy comprised was to create a
composite structure to the one used in the first chapter. The doped CDC particles
served as the core of the composite, while a doped MWCNT shell was deposited
on top of the CDC particles to improve the mass-transfer properties in fuel cell
conditions [X].

The CDC selected for the core was a TiCDC, which was treated with argon
and water vapour to further increase its porosity and create an etched surface
morphology which was easier to dope with Fe and N. The doping was done with
a lower rotation rate of the ball-mill (to avoid loss of surface area in the CDC),
Phen as the nitrogen source and iron(Il) acetate as the iron source. Phen also acts
as a spacer between the iron ions during the pyrolysis as it creates a complex with
them. This avoids the agglomeration of iron into particles and increases the
utilisation factor of Fe. It also means that there is no need for the acid leaching
afterwards. After the first pyrolysis at 800 °C for 1h in N, atmosphere, MWCNTs,
DCDA and more iron(Il) acetate was mixed with the catalyst and another pyrolysis
was undertaken. The synthesis is described in more detail in chapter 6.7.

Figure 59 presents SEM micrographs of the iron and nitrogen-doped CDC-
MWCNT composite materials (Fe-N-comp-1 with a CDC to MWCNT ratio of 1,
Fe-N-comp-2 with a CDC to MWCNT ratio of 2 and Fe-N-comp-0.5 with a CDC
to MWCNT ratio of 0.5). Figures 59a—c demonstrate the structure of the Fe-N-
comp composites on a larger scale, with MWCNT shells seen on top of the CDC
particles. The surface of the CDC, which is not covered with MWCNTSs shows
an etched morphology from the argon/water vapour treatment [188]. The
MWCNTs were homogeneously distributed over the CDC particles, forming a
network of mesopores in between the microporous Fe-N/CDC, which is beneficial
for mass transport in the catalyst layer. Figures 59d—f illustrate the MWCNT
bundles with some of the etched CDC surface also visible in Figure 59d. The
average size of the CDC particles after nitrogen and iron doping is around 1 pm,
with some larger grains and smaller particles also present, although it can be
presumed that the smaller particles are largely buried inside the nanotube bundles.
All of the composite catalysts appeared quite similar under SEM magnification.
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Figure 59. Lower magnification (a,b,c) and higher magnification SEM images (d, e, f) of
Fe-N-comp-1, Fe-N-comp-2 and Fe-N-comp-0.5, respectively.

The textural properties of the Fe-N-C catalysts are given in Table 14. The BET
surface areas of CDC based composite catalysts are in the range of 350-470 m* g,
which is approximately 5 times less compared to the parent CDC material
(1997 m? g"). The decrease of surface area during modification is probably caused
by blocking of micropores with catalytic additives. During the ball-milling and
pyrolysis procedure, the iron and Phen complexes fill the pores and create Fe-Ny
active sites into them, which is the likely cause of SSA loss. It is also known that
iron can catalyse the graphitisation of microporous materials at high temperatures
[277], which also decreases the surface area. It is observed that the micropore
volume of composite materials depends slightly on the relative quantity of CNT,
while changing from 0.19 cm® g ! to 0.10 cm® g! in Fe-N-CDC-1 without CNT
and Fe-N-comp-0.5 with ~60% of CNT, respectively. CNT additive also affects
the total pore volume of composite catalysts from 0.30 to 0.56 cm® g™ in Fe-N-
CDC-1 and Fe-N-comp-0.5, respectively. The MWCNTs used in this work have
a SSA of about 250-300 m” g! according to the producer.

Table 14. Textural properties of CDC, Fe-N/CDC and Fe-N-comp materials: BET
surface area (Sger), total pore volume (Vi), average pore size (dp), surface area (Sprr)
and micropore volume (V) calculated from the QSDFT model.

Catalyst Sper, m? gl | Vi, cm® ¢! | dp,nm | Spprm? gt | V), em? g
Fe-N-CDC-1 471 0.30 1.4 446 0.19
Fe-N-comp-1 401 0.51 2.5 407 0.13
Fe-N-comp-2 440 0.49 2.4 415 0.14
Fe-N-comp-0.5 349 0.56 3.1 365 0.10
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Figure 60 illustrates the PSD of composite catalysts that shows two main maxima,
the peak at ~0.85 nm in a microporous region, and a flat peak at ~3.4 nm in the
mesoporous region. The latter peak is more pronounced in materials with CNT
additive and can be caused by the voids between amorphous carbon and CNT.
Composite catalysts with carbon nanotube additive also have larger mesopores
sized 15-20 nm.
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Figure 60. Pore size distributions for the Fe-N-C catalysts.

The surface N content and relative contents of nitrogen moieties are given in
Table 15. Figure 61 shows the XPS wide scan spectra and N1s and C1s XPS spectra
of Fe-N-comp-1, Fe-N-comp-2 and Fe-N-comp-0.5 in the first, second and third
column, respectively. The insets in the C1s XPS spectra show a deconvolution of
the lower intensity peaks. All of the catalysts contained nearly the same amount
of N, with some minor differences in the relative contents of nitrogen moieties.
The overall nitrogen content was similar in all catalysts, with the materials with
a larger mass fraction of CDC also having somewhat higher N contents. This is
likely due to the highly amorphous nature of the CDC, which is more easily doped
than the graphitic carbon nanotubes and due to the fact that the CDC was already
nitrogen doped prior to the second pyrolysis. All the catalysts had a high con-
centration of oxygen in the topmost layer (3.9, 6.0 and 2.1 at.%, for Fe-N-comp-1,
Fe-N-comp-2 and Fe-N-comp-0.5, respectively), which is due to residual H,O in
the micropores and higher concentration of oxygen-containing groups on the
surface of the CDC. This is also confirmed by the catalyst with the highest CDC
content having the largest oxygen content.

The surface Fe content was too low to be determined via XPS as in the previous
chapters, but the bulk Fe content was determined by ICP-MS. The Fe contents in
the catalysts were 1.44 wt.% (Fe-N-comp-1), 1.22 wt.% (Fe-N-comp-2) and
1.70 wt.% (Fe-N-comp-0.5), while the concentration of iron in the commercial
MWCNTs was determined to be 0.4 wt.%. It is to be noted that the Fe contents
determined by ICP-MS may be undervalued due to the lack of a suitable reference
material. As the trend for nitrogen concentration on the surface of the catalysts
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was in the opposite order, it is likely that the excess iron is present in the form of
iron particles instead of Fe-Ny active sites. ICP-MS also detected small amounts
~0.5 wt.% of Zr present from the ball-milling of the catalysts.

Table 15. Overall nitrogen content and the relative concentration of nitrogen moieties in
the catalyst surface layers as determined by XPS.

Total N
content, |Fe-Njy, | N-O, | Graphitic-N, | Pyridinic-N, | Pyrrolic-N,
Sample at.% % % % % %
Fe-N-comp-1 1.7 20 10 12 33 25
Fe-N-comp-2 1.8 18 11 12 39 20
Fe-N-comp-0.5 1.5 20 9 13 41 18
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Figure 61. XPS survey spectra and core-level spectra in the N1s and Cls regions for
(a,d,g) Fe-N-comp-1, (b,e,h) Fe-N-comp-2 and (c,f,i) Fe-N-comp-0.5 samples.
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The RDE method was used for studying the oxygen reduction activity of the
Fe-N-comp materials in 0.1 M KOH. The ionomer used was Tokuyama AS-4
with a concentration of 12.5 pl in 1 ml of ethanol, into which 1 mg of the catalyst
was added and sonicated, after which 20 pl of this dispersion was deposited onto
a GC electrode, giving a loading of 100 pg cm . Figure 62 shows a comparison
of the oxygen reduction polarisation curves on GC electrodes modified with the
NPMC materials synthesised in this work and a commercial Pt/C catalyst, with
Table 16 showing the most important characteristics. The Eonset for Fe-N-CNT-1
was —141 mV (defined as the potential where j =—0.25 mA cm?) and the Ej, for
this catalyst was =301 mV. The CDC material doped using iron and 1,10-phe-
nantroline had a much more positive Eonset 0f =53 mV and a E1, 0f —164 mV, which
shows the advantage of the porous CDC material. The ORR activity of the Fe-N-
comp-0.5 catalyst, which had 2 times more MWCNTs than Fe-N-comp-1 in the
synthesis mixture, yields a catalyst with intermediate activity (Eonset = —53 mV
and Ei, = -148 mV). Using the step-wise synthesis procedure (with the CDC
doped by Phen and iron(Il) acetate in the first step and MWCNTs and DCDA
added in the second one) with the same amount of MWCNT and CDC yields a
catalyst with ORR activity quite similar to that of Fe-N-CDC-1, which is
surprising, given that the activity of the Fe,N-co-doped MWCNTs was much
lower than that of the catalyst synthesised using CDC. With a ratio of 2:1 (Fe-N-
comp-2), the ORR activity of the resulting catalyst exceeds even that of Fe-N-
CDC-1 (Eonset = —28 mV and Ej»=—121 mV). This is due to an increase in the
amount of active sites by using an addition of MWCNT, DCDA and iron(II)
acetate. From the XPS data, the overall nitrogen content on the Fe-N-comp-2
catalyst was 0.3 at.% higher than that of Fe-N-comp-0.5, with the relative
percentage of the most active moieties nearly the same, which leads to lower
overpotential for ORR on this catalyst. The carbon nanotubes form a network on
and between the Fe-N-CDC particles as shown on the SEM images, resulting in
a more even catalyst layer and better mass transport. The highly conductive
MWCNTs can also increase the electron transport and conductivity between the
large doped CDC grains. Fe-N-CDC-1, Fe-N-comp-1 and Fe-N-comp-2 also
outperformed the commercial Pt/C catalyst (Eonset=—53 mV and E1,=—-184 mV).
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Figure 62. Comparison of ORR polarisation curves recorded at 1900 rpm on GC
electrodes modified with Fe-N-CNT-1, Fe-N-CDC-1, Fe-N-comp-1, Fe-N-comp-2,
Fe-N-comp-0.5 and 46.1 wt.% Pt/C catalysts in O,-saturated 0.1 M KOH solution.
v=10mV s, @= 1900 rpm.

Table 16. ORR parameters of the iron/cobalt and nitrogen-doped carbide-derived carbon
catalyst materials and Pt/C in 0.1 M KOH.

Eonset Eip Jjkat 0.8 V vs RHE

Catalyst (mV vs SCE) (mV vs SCE) (mA ¢cm?)
Fe-N-CNT-1 —-141 =301 1.9
Fe-N-CDC-1 =53 -164 14.9
Fe-N-comp-1 =53 —148 16.9
Fe-N-comp-2 —28 —121 33
Fe-N-comp-0.5 —-100 —-198 7.5

46.1 wt.% Pt/C =53 —-184 8.7

Finally, the performance of the Fe-N-comp materials was compared to Pt/C in a
single-cell H,/O, AEMFC. Figure 63 shows the results of the AEMFC tests using
a commercial 46.1 wt.% Pt/C catalyst as the anode and either the same catalyst
or Fe-N-comp catalysts as the cathode. The OCV for the Pt/C catalyst was 1.08 V
and 0.98 V for Fe-N-comp-2. The OCVs for Fe-N-comp-1 and Fe-N-comp-0.5
were 0.88 and 0.89 V, respectively. At low current densities the Fe-N-comp-2
catalyst was thus the most efficient out of the NPMCs in the AEMFC, which
makes sense as it had the most positive Eonset and E12 in the RDE test. At higher
current densities up to 200 mA cm 2, however, the Fe-N-comp catalysts showed
much increased performance over the Pt/C catalyst, with Fe-N-comp-2 reaching
120 mW cm 2 at 0.62 V. This is likely due to the efficient morphological pro-
perties of the catalyst layer, where carbon nanotubes form a network between the
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CDC particles and better utilisation of the iron present in the catalyst, as although
the iron concentration in the catalyst was the lowest as determined by ICP-MS,
the nitrogen content and Fe-Ny content on the surface was the highest (data from
XPS measurements). At even lower voltages, however, the catalysts with higher
CNT content prevail as the mass transport inhibition appears at a much lower
current density value for the catalyst containing more CDC than CNT. The Prmax
for Fe-N-comp-1 and Fe-N-comp-2 were 155 and 160 mW c¢m 2, respectively. In
the RDE tests, mass transport was less of a problem as the rotation of the electrode
supplied ample oxygen to the much thinner catalyst layer, but in the AEMFC
testing the mass transport is obviously more complex and the catalysts with higher
CNT content and mesoporosity perform much better at high current densities than
the largely microporous Fe-N-comp-2. This shows the urgent need for AEMFC
testing in addition to RDE as the most active catalyst is not always the most effi-
cient in a real fuel cell. The high catalytic activity of Fe-N-comp-2 in RDE com-
pared to the other composites and Fe-N-CDC-1 can be attributed to two main
factors: a slightly higher nitrogen content and thus higher concentration of active
sites and a beneficial morphology with mesoporous MWCNT networks around
the microporous CDC particles, which create highways between the CDC particles
for oxygen diffusion. In high current density operation in an AEMFC, however,
O, diffusion is more inhibited due to a higher ionomer content and thus the
catalysts with more carbon nanotube content perform better.
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Figure 63. Polarisation and power density curves for H,/O, AEMFCs using the
Tokuyama A201 anion exchange membrane. The anode catalyst was Pt/C and the cathode
catalysts are given in the legend. 7= 50 °C.

Table 17 shows a comparison of AEMFC results from this PhD thesis and from the
literature with the same AEMs and AEIs. Clearly, all of the catalysts synthesised
here are competitive when compared to the best materials in the literature, with
Fe-N-comp-0.5 reaching one of the highest power densities published with a
Tokuyama A201 AEM and AS-4 ionomer. This owes to its optimised structure
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and doping methods developed throughout the work done during this PhD
project. Comparing the results achieved with HMT-PMBI AEM and AEI, FeN-
SiCDC-0.5-400-wet-PVP also stands out as one of the best performing materials.
The efficient reduction of particle size and retention of the porous structure of its
parent CDC material are clearly important advancements, which can also help to
increase the Pmax of future catalysts.

Table 17. AEMFC performance with M-N-C cathode catalysts.

Cathode Anode
loading loading T Prmax

Catalyst (mg cm™2) | (mgpt cm™2) [ (°C)| Membrane | Ionomer [(mW cm™)| Ref.
Tokuyama | Tokuyama

Co/N/MWCNT-1 0.6 0.2 50 A201 AS-4 116 v
Tokuyama | Tokuyama

Fe/N/CDC 1.5 0.46 50 A201 AS-4 80 IX
Tokuyama | Tokuyama

Co/N/CDC 1.5 0.46 50 A201 AS-4 78 IX
Tokuyama | Tokuyama

Fe-N-comp-0.5 2.6 0.46 50 A201 AS-4 160 X

FeN-SiCDC-0.5-

400-wet-PVP 2.0 0.8 (PtRu) | 60 | HMT-PMBI | HMT-PMBI 356 X1V
Tokuyama | Tokuyama

FePc/C 1 0.4 55 A201 AS-4 120 [278]
Tokuyama | Tokuyama

Fe-M-LA/C-700 4 0.4 60 A201 AS-4 137 [279]
Tokuyama | Tokuyama

FePc/MWCNT 0.6 0.4 45 A201 AS-4 60 [280]
Tokuyama | Tokuyama

CoPc/MWCNT 0.6 0.2 45 A201 AS-4 100 [280]
Tokuyama | Tokuyama

Fe-HNCS 4 0.5 60 A201 AS-4 68 [281]
Tokuyama | Tokuyama

Fe-N-CC 0.2 0.4 50 A201 AS-4 120 [282]
Tokuyama | Tokuyama

BIDC3 4 0.3 60 A201 AS-4 47 [68]
Tokuyama | Tokuyama

Fe-NMG 35 0.2 70 A201 AS-4 218 [283]

TiCDC/CNT(1:3)

/FePc 2.0 0.37 (PtRu) | 60 | HMT-PMBI | HMT-PMBI 182 [284]

Fe—N—-Gra 2.0 0.8 (PtRu) | 60 | HMT-PMBI | HMT-PMBI 243 [285]

Fe/IL-PAN-A1000 2.0 0.6 (PtRu) | 60 | HMT-PMBI | HMT-PMBI 289 [286]

FeCoNC-at 2.0 0.6 (PtRu) | 60 | HMT-PMBI | HMT-PMBI 415 [287]
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7.3.3 Fe- and nitrogen-doped CDCs as catalysts for PEMFCs

As outlined in the literature overview, most of the work done on NPMCs and
ORR catalysts overall so far has been in acidic conditions due to the availability
of'a commercial proton exchange membrane (Nafion™). Encouraged by the results
achieved with M-N-CDCs in alkaline membrane fuel cells [VIII-X] the ORR
activity of these materials was also studied in acidic conditions and in PEMFCs.
The first part focuses on the creation of Fe-N-CDC materials from B4C and TiC
and optimisation of iron content, the second part on SiC-derived catalysts and the
reduction of particle size and the third part on composite catalysts from MWCNTs
and CDCs derived either from B4C, Mo,C or TiC and increasing stability.

Two CDCs with very different porosity were selected as the first starting
materials for Fe-N-CDC catalysts for PEMFC. B4C-derived carbon (CDC-1) is a
micro/mesoporous material while TiC-derived carbon (CDC-2) is nearly fully
microporous, as can be seen from Figure 64. The textural properties of both the
starting materials and the Fe-N-C catalysts are given in Table 18. The main
difference between the two starting CDC materials was in the pore size distribution,
which is also demonstrated in Figure 64a. The CDC-1 material has a trimodal
micro-mesoporous structure with a large amount of mesopores and micropores,
while CDC-2 has a unimodal PSD centred at 0.5 nm. The average pore diameter
was also accordingly higher for CDC-1 (1.65 nm) compared to CDC-2 (1.05 nm).
As there have been various studies claiming that either micropores, mesopores or
a combination of both are needed for efficient Fe-N-C catalysts
[59,91,258,271,288,289], these CDCs might present an interesting opportunity to
study the effect of PSD on Fe-N-C catalyst activity. However, the PSD of two
Fe-N-C catalysts with 1 wt.% Fe and prepared identically except for the carbon
support (CDC-1 and CDC-2) are quite similar (see Figures 64b—c), in spite of
drastically different PSD of the starting CDCs. It is apparent from Table 18 that
after ball-milling and pyrolysis in Ar, the specific surface area decreased by about
750-1200 m*g'. This may be explained either as a filling of the pores with Phen
and Fe acetate or as partial graphitisation of the disordered carbon in CDC during
the high-temperature pyrolysis. Iron nanoparticles are known to graphitise
disordered carbon materials at high temperatures [214,277], thus closing off some
of the pores and decreasing the BET surface area. The effect of Fe content on
catalyst morphology and PSD was investigated only for CDC-2 (Table 18) since
a much higher ORR activity was observed with CDC-2 derived Fe-N-C catalysts
(see later). The effect of Fe content on decreased BET area is however unlikely
the major effect at work here since even Feos-N/CDC-2, which has a minimum
amount of particulate iron according to Mdssbauer spectroscopy (see later), has
a SSA of 945 m* ¢!, much lower than the starting SSA of 1997 m*g' for CDC-2.
Also, increasing the iron content from 0.5 to 2 wt.% in the pre-pyrolysis mixture
results in a decrease of SSA of only about 250 m* g', with all three Fe-N-C
catalysts derived from CDC-2 having a BET area much lower than that of CDC-2
(Table 18).
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Figure 64. Comparison of pore size distributions for the undoped CDC (a), B4C-derived
(b) and TiC-derived (c) samples.

Table 18. Textural properties of CDC and Fe-N/CDC materials: BET surface area (Sger),
total pore volume (Vi1), average pore size (dp), surface area (Sprr ) and micropore volume
(V,) calculated from the QSDFT model.

Sample Sper, m? g7 | Vigyem3 gt | dp,nm | Spprm?gt | Yy, em® gt
CDC-1 1493 1.236 1.65 1351 0.470
Fe;-N/CDC-1 754 0.471 1.24 716 0.292
CDC-2 1997 1.057 1.05 1759 0.811
Fe;-N/CDC-2 798 0.466 1.17 770 0.321
Fe,-N/CDC-2 706 0.427 1.21 709 0.280
Feos-N/CDC-2 945 0.704 1.48 1009 0.397

In the previous chapters, DCDA, Fe and Co salts were used to dope microporous
CDC materials, where the micropore volume of M-N-C catalysts relative to the
starting CDC even increased by ca 0.2 cm® ¢! during the doping procedure [VIII].
The decrease in surface area observed here is thus much larger than that in our
previous work. It can be proposed that Phen either fills the pores more effectively
than DCDA, or that it transforms into residual carbon to a higher extent than
DCDA. It is also possible that, contrary to DCDA, Phen blocks the pore entrances
and in the end, most of the inner porosity is not accessible for electrocatalysis.
Looking more closely at the changes in PSD from CDC to Fe;-N/CDC, it can be
seen that, with CDC-1, mesopores are nearly completely filled along with a small
amount (ca 30%) of micropores while for CDC-2 ca 55-60% of the micropore
volume is lost. This is likely due to the preferential filling of mesopores by Phen
in CDC-1, while with CDC-2 only micropores are present and therefore all the
Phen added during the synthesis fills those pores.

The *’Fe Mossbauer spectra of the Fe-N-C catalysts derived from CDC-1 and
CDC-2 were collected for a Fe content of 0.5 wt.% in the catalyst precursor. The
low Fe content allows a better observation of quadrupole doublets that are assigned
to FeNxCy moieties. The effect of Fe content on the Fe speciation in CDC-2
derived materials (selected due to their higher ORR activity, see later) was then
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investigated by measuring the spectra of the materials Fe;-N/CDC-2 and Fe;-
N/CDC-2 as well. The Mossbauer spectra are shown in Figure 65. Compared to
commonly reported spectra for Fe-N-C catalysts, the spectrum of FeqsN/CDC-1
(Figure 65a) is unusual, especially for a catalyst with such a low Fe content and
was fitted with a doublet and a sextet with unusual parameters. While the doublet has
Mdssbauer parameters similar to D1 commonly observed in ORR-active Fe-N-C
catalysts, the sextet has, to the best of our knowledge, never been reported before
in such catalysts. The average value of the sextet parameters were very similar to
those reported for iron boride FeB with a hyperfine field of 9.5 Tesla [290,291].
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Figure 65. Room temperature ’Fe Mdossbauer spectra of (a) Feys-N/CDC-1,
(b) Feps-N/CDC-2, (¢) Fe;-N/CDC-2, (d) Fe,-N/CDC-2. For (c) and (d), note that the
Y-axis scale is broken in order to improve the visibility of the low intensity components
of magnetic Fe (sextets) and of the doublets.

The formation of FeB is in agreement with the presence of boron in CDC-1
derived catalyst (see discussion on presence of boron later in the ICP-MS results
section). Concerning the CDC-2 derived catalysts (Figure 65b—d), we observe a
broad doublet assigned to superparamagnetic Fe-based (sub-)nanoparticle (labelled
SP). The assignment of the broad SP doublet to Fe nanoparticles is supported by
EXAFS measurements on FeosN/CDC-2 (Figure 66). Apart from this, the
Mossbauer spectra of CDC-2 derived samples can be fitted with components
usually observed in pyrolysed Fe-N-C catalysts, namely D1, D2, a-Fe, y-Fe and
FesC. It can be seen from Figure 65 and Table 19 that the total absorption (%) of
a-Fe, y-Fe, Fe;C increases with increasing amount of iron precursor on CDC-2.

116



In summary, the striking difference between CDC-1 and CDC-2 derived catalysts
(at 0.5% Fe level) is the low % area (13%) assigned to D1 in Feos-N/CDC-1 and
the major presence of FeB, while Feos-N/CDC-2 comprised a large amount of
doublets D1 and D2 (48%).

Table 19. Room-temperature Mossbauer parameters of the singlet and sextet com-
ponents. IS, QS and LW are the isomer shift (relative to o-Fe at room temperature),
quadrupole splitting and line width, given in mm s~!, respectively. The hyperfine fields
are 9.5, 33.3 and 20.6 Tesla for FeB, a-Fe and FesC respectively. IS, QS and LW values
are given in mm s,

Sample IS QS LW % area Label
(a) Feps-N/CDC-1 0.26 0.23 0.39 87 FeB
(b) Feo.s-N/CDC-2 -0.10 0.00 0.40 2 v-Fe
(c) Fe;-N/CDC-2 —-0.09 0.00 0.34 8 v-Fe
0.17 0.00 0.30 2 FesC
0.01 0.00 0.36 3 o-Fe
(d) Fe,-N/CDC-2 -0.10 0.00 0.40 18 v-Fe
0.17 0.00 0.30 4 FesC
0.01 0.00 0.36 6 o-Fe

Fe, -N/CDC-2 .
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Figure 66. The FT-EXAFS of the sample Fey sN/CDC-2, Fe(II)Pc, and iron foil (intensity
reduced by a factor of 6 for the Fe foil, for comparison purpose).

The co-presence of the FeNiC, and inorganic Fe species with relatively high
content is verified by ex situ X-ray absorption spectroscopy (XAS). As seen in
Figure 66, the FT-EXAFS of the Feo sN/CDC-2 contains a scattering peak around
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1.5 A (without phase correction), overlapping the peak of Fe(II)Pc arisen from
the first shell Fe-N scattering; as well as a scattering peak around 2 A overlapping
the first shell Fe-Fe scattering peak in metallic Fe. The high intensity of the Fe-Fe
scattering peak supports the presence of high amount inorganic Fe species in the
catalyst, which can be linked to the broad SP contribution.

The contents of Fe, B, Ti and Zr in the catalyst materials with 1% Fe at synthesis
stage (baseline Fe content) were determined via ICP-MS (Table 20). Obviously,
Fe;-N/CDC-1 has a large content of ZrO, compared to smaller amounts present in
the samples synthesised using CDC-2. This is likely due to the fact that there is a
rather large amount of B4C still present in CDC-1 when compared to TiC content
in CDC-2, as supported by the high content of B in CDC-1-derived material but
low Ti content in CDC-2-derived materials. During the chlorination process, some
of the carbide precursor (B4C or TiC in this case) can get trapped inside the carbon.
As B4C and TiC are very hard (Mohs hardness of approximately 9-10 and 9-9.5,
respectively) even compared to ZrO, (Mohs hardness of ~8), it is probable that,
during the ball-milling process, the ZrO, balls and grinding jar are eroded by the
sample, resulting in Zr contamination. The erosion effect also means that a small
amount of boron is milled into the jar and balls themselves and can be transferred
to other samples. Since Fe;-N/CDC-1 has a larger amount of carbide particles
still present, the resulting Zr content is also consequently higher. Regarding the
iron contents, Fe;-N/CDC-2 contained surprisingly nearly twice more iron than
Fe-N/CDC-1, while both had the same amount of iron in the catalyst precursor
mixture. For CDC-2 materials, the Fe content in catalysts increased linearly with
Fe content in the precursors. It is to be noted that the iron concentrations are likely
somewhat underestimated here due to the lack of a suitable reference material to
confirm the total dissolution of the determined elements from the sample.

Table 20. Content of Fe, B, Ti and Zr in the Fe-N/CDC catalysts determined by ICP-MS.

Sample Fe wt.% B wt.% Tiwt.% Zr wt.%
Fe-N/CDC-1 0.638 1.462 0.079 7.782
Fe-N/CDC-2 1.242 n.a 0.148 0.192
Fe,-N/CDC-2 1.449 n.a 0.120 0.059
Feos-N/CDC-2 0.490 0.120 0.06 1.640

The Fe-N/CDC materials were first investigated using the RDE setup for
assessing the catalytic activity toward the ORR in acid. Figure 67 shows the ORR
activity of the CDC-derived Fe-N/CDC materials along with the starting CDC,
measured in O;-saturated 0.5 M H>SOj4 solution. The electrolyte was 0.5 M H,SO4
for Fe-N/CDC catalysts, but for comparison, 0.1 M HCIO4 was used for the Pt/C
material to avoid activity loss caused by bisulphate adsorption on Pt [292].
Modifying the CDC materials with iron and nitrogen shifts positively the Fonset,
nearly 300 mV, showing a massive increase in the ORR electrocatalytic activity.
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Also, the E, for O, reduction shifted from ca 0.4 to ca 0.8 V vs RHE. The rise
in activity is due to a large concentration of Fe-Ny centres formed in the pores of
the CDC materials during the pyrolysis procedure, while both starting CDCs have
very low ORR activity themselves. Next, the RDE results show that Fe;-N/CDC-2
has a higher ORR activity than Fe;-N/CDC-1. Remarkably, both the values of
Eonset and E1, were almost identical for all three CDC-2 based catalysts, showing
no significant dependence of overall ORR activity on the iron content in the range
of 0.5-2% Fe in the precursor (0.49 to 1.45 wt.% Fe in catalysts, see Table 20)
Although the iron content rose by 0.95 wt.% when going from 0.5 wt.% to 2 wt.%
of iron in the CDC-2 catalyst precursors, the relative % of iron in the form of D1
and D2 species (the ORR-active species) decreased from 48% to 26% (see
Table 20). Thus, the iron added above 0.5% level in the catalyst precursor is present
mainly in the form of inorganic iron species rather than FeNC, sites in the final
CDC-2-derived catalysts. Comparing the two CDCs, the higher activity of
Fe;-N/CDC-2 than Fe-N/CDC-1 likely arises in part from the larger absolute
amount of microporous surface area in CDC-2 vs CDC-1 and the nearly twice
higher amount of micropore volume (see Figure 64a). For comparison with similar
Fe content in the catalysts, the samples Feys-N/CDC-2 and Fe;-N/CDC-1 should
be compared (see Table 20). This comparison also reveals a much higher activity
for the CDC-2 derived material. Other factors, such as the structural differences
and Fe speciation differences coming from the increased content of iron or larger
nitrogen content of the catalyst containing less Fe, could also be contributing
factors to the increase in kinetic current density. The apparent correlation between
activity and micropore surface area may also be a consequence of the different Fe
speciation during pyrolysis, metallic Fe particles (present in highly loaded samples)
leading to partial graphitization and thus to decreased microporous surface area.
For ORR in acid medium, Fe particles encapsulated in carbon are generally
accepted to be less active (on a metal-atom basis) than surface Fe-Ny sites.
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Figure 67. (a) ORR polarisation curves (not corrected for iR) measured with RDE method
for undoped CDCs, B4C-derived and TiC-derived catalysts in Os-saturated 0.5 M H2SOs.
v=10mV s™!, w = 1600 rpm. (b) Tafel plots calculated from the RDE data shown in (a).
Catalyst loading = 803 pug cm2, except Pt/C (20 pgp, cm™2).
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Also of note is the introduction of ZrO; into Fe;-N/CDC-1, which was not present
in high concentration in the catalysts derived from CDC-2. The introduction of
ZrO, seems to result from the combination of milling process and residual
presence of hard B4C in CDC-1. The presence of B4C in CDC-1 probably also
explains the different Fe speciation seen in the CDC-1 derived Fe-N-C catalyst,
with a major content of FeB (Figure 65a).

Figure 68 shows the results of stability testing on Feos-N/CDC-2. As seen,
10,000 cycles between 0.925 and 0.6 V vs RHE have no effect on the onset
potential, while the shape of the polarisation curve and Ej», are minimally
influenced. The small loss in activity is likely due to the dissolution of very small
amounts of Fe species with a lower durability in acid media, which were noted
from the Mossbauer spectra.
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Figure 68. ORR polarisation curves of Feys-N/CDC-2-modified GC electrodes in
Oy-saturated 0.5 M H,SO;4 before and after 10,000 CVs. v=10 mV s}, @ = 1600 rpm.

The electrocatalytic activity of the three CDC-2 based catalysts toward the ORR
in acid media is comparable to some of the best Fe-N-C catalysts found in the
literature [43,44,271,293,294]. Within the series of 3 catalysts derived from
CDC-2, there is some correlation between i) ORR activity and SSA, and 1ii)
between activity and micropore volume, as shown in Figure 69a.
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Figure 69. The dependence of kinetic current densities on the specific surface area (a) and
micropore volume (b) for the three CDC-2 derived Fe-N-C catalysts.

As the Mossbauer spectra also showed for CDC-2 derived catalysts, increasing
the iron content did not introduce a much larger amount of Fe-N sites, but rather
increased the amount of y-iron, iron carbides and a-iron. Since the increase of
these crystallographic iron species did not positively affect the electrocatalytic
activity of the catalysts toward oxygen reduction, it can be derived that the ORR
activity of the Fe-N/CDC materials originates mainly from FeN,C, moieties
(doublet component D1 or D2, or some of these two doublet components). Because
iron particles, especially those not perfectly covered by carbon layers, can create
problems in PEFCs by releasing iron ions and promoting the Fenton’s reaction
[255], it is therefore preferable to select the catalyst with lower iron loading, i.e.
Feos-N/CDC-2, and showing the highest electrocatalytic activity (Figure 69).
The same trend of higher activity for CDC-2 derived materials vs CDC-1
derived materials was observed in fuel cell measurements, as shown in Figure 70.
The catalysts derived from CDC-2 resulted in ca 3—4 times higher current density
at 0.8 V cell voltage (5-6 vs 20 mA cm 2), whereas the current density in RDE was
nearly 5 times higher at 0.8 V. Most of the active sites in these materials are also
likely located deep inside the catalyst grains as the Fe content determined by
ICP-MS is much higher than on the surface, since iron was not even detected by
XPS (data not shown). It is obviously not optimal to have most of the active sites
located deep inside a microporous particle, where the access by O, is difficult
[87,263]. The power performance at 0.6 V could possibly be improved by
decreasing the grain size of the catalyst, either by starting off with a finer carbide
or ball-milling the CDC using a high rotation rate, liquid ball-milling or even
surfactants in the milling mixture, all of which are known to be useful for
obtaining smaller particle sizes [295] or optimising the PEMFC cathode catalyst
layer (these strategies were later used in [XIV]). Assuming the most active sites
for ORR in acid medium are represented by the two doublets in Mdssbauer
spectroscopy (assigned to FeNy sites), and assessing the bulk density of FeNj sites
by multiplying the fraction of (D1+D2) from Mdssbauer table by the bulk Fe
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contents measured by ICP-MS, one gets the following values: 0.24 wt.%
(Feos-N/CDC-2), 0.54 wt.% (Fe;-N/CDC-2) and 0.38 wt.% (Fe,-N/CDC-2) of
Fe-Ny. Considering the significant differences in elemental composition, iron
species, porosity and structure, the ORR activity for the Fe,-N/CDC-2 catalysts
is remarkably similar. Elucidating this further would, however, require a
thorough study on the kinetics of the ORR on these catalysts and quantification
of available active sites, which is outside the scope of the present work.
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Figure 70. PEMFC polarisation curves with cathodes comprising 4 mg cm 2 of Fe-N-C
catalysts, as-measured (dashed curves) and after iR-correction (solid curves). The fuel
cell temperature was 80 °C, pure O, and H» gases were humidified at 100% RH at cell
temperature, the gas pressure was 1 bar. Inset: Tafel plots at high potential of iR-free
polarisation curves.

Thus it was shown that high-performance ORR catalysts can be synthesised by
ball-milling a mixture of a CDC, Phen and iron(Il) acetate [ XI]. However, it was
also evident that the ball-milling and/or the addition of Phen as a pore filler
decreased the CDC surface area, by more than a half in some cases. This effect has
also been reflected in studies by others on catalysts derived from CDCs [296-298].
To shed light to this, the effect of both the pore filler and ball-milling conditions to
the SSA, the porosity, and the ORR activity was studied. Some strategies are also
presented to alleviate the loss of porosity in the pristine CDC during those synthetic
steps, while still retaining the positive effects from the ball-milling and doping
procedure. More details on the synthesis methods is available in section 6.6.
Figure 71 displays the N, adsorption/desorption isotherms for the pristine
SiCDC and catalyst materials synthesised from it. Figure 71a shows a comparison
of the isotherms for catalysts made from precursor mixtures ball-milled at
different rotation rates. It is evident that as the rotation rate increases, the porosity
of the resulting catalyst is gradually decreasing. The ball-milling obviously has
an effect on the textural properties of catalyst materials as some of the pores are
crushed due to the shock, but the Fe and N doping also has a large effect as
Feo s-Pheny-SiCDC-wet has almost the same porosity as the catalyst ball-milled
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at 200 rpm. Since Phen acts as pore filler here, it also closes some pores during
milling process and pyrolysis. In the 100 rpm ball-milled catalyst, the precursors
are likely not as well distributed on the CDC surface (Phen molecules did not fill
the CDC micropores) and thus close less micropores. The bulk structure of the
carbon is less disrupted as well, as seen from the XRD patterns, where the graphitic
peak gradually increases as the rotation rate of the ball-mill decreases. The SSA
also followed the same trend (Table 21): ball-milling at 800 rpm decreases the
SSA by over two thirds with respect to pristine CDC, while decreasing the
rotation rate to 100 rpm gives an SSA decrease of only around 15%.
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Figure 71. N, adsorption/desorption isotherms for (a) catalyst precursors milled at
different rotation rates, (b) different amounts of 1,10-phenantroline in the catalyst precursor
mixture and (c) different amounts of ZnCl, in the catalyst precursor mixture.

Table 21. Specific surface areas of the CDC material and the synthesised catalysts.

Catalyst SSA (m?g™)
SiCDC 1361
Feg s-Pheny-SiCDC-wet 829
Feo s-Pheny-SiCDC 100 rpm 1019
Feo.s-Pheny-SiCDC 200 rpm 817
Feg s-Pheny-SiCDC 400 rpm 579
Feo.s-Pheny-SiCDC 800 rpm 419
Feo.s-Phen;;-SiCDC 400 rpm 548
Feo.s-Phens;-SiCDC 400 rpm 271
Fe.s-Pheny-SiCDC-Zn0.1 400 rpm 511
Feo.s-Pheny-SiCDC-Zn0.5 400 rpm 691
Fe.s-Pheny-SiCDC-Zn1.0 400 rpm 912
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To elucidate the different effects of the pyrolysis, Phen and ball-milling on the
porosity, we optimised the amount of Phen in the precursor mixture and studied
its effect on the N, adsorption isotherms. The amount of Phen in the baseline
catalyst precursor formulation (20 wt.%, i.e. 12 Phen molecules per each iron atom)
is higher than what is theoretically needed for full complexation of Fe by 6 N
atoms (3/1 molar ratio of Phen/Fe). As can be seen from Figure 71b both a smaller
and a larger amount of Phen relative to the baseline formulation lead to decreased
porosity in the final catalysts. For the increased Phen amount, the effect can be
explained simply: more pore filler means that more of the pores are closed off
and the amount of N» adsorbed/desorbed decreases. Interestingly, decreasing the
Phen amount in the precursor mixture also decreases the SSA and porosity, which
can likely be due to the Phen acting as softening the ball-mill effect: by partially
filling the micropores, the Phen molecules mechanically support the pores during
the milling, avoiding their complete collapse. During the subsequent pyrolysis,
Phen is transformed in a porous carbon domain within micropores, thereby
reopening (at least partially) the micropores initially present in CDC. This was
also confirmed by ball-milling the CDC alone, without any added Phen, which
gave lower porosity than that of both the 12/1 and 6/1 Phen/Fe ratio. Phen also
has a profound effect on the catalyst activity toward the ORR, as will be shown
later. The effect of pyrolysis on the porosity was confirmed to be rather minor
compared to the ball-milling, with very little porosity loss from simply pyrolyzing
the CDC (Figure 71b).

To retain the porosity of the catalysts, and thus secure access of O; to the
active sites, while still using the ball-milling method for homogenising the CDC,
Phen and Fe precursors, we added ZnCl, to the precursor mixture. ZnCl is a
known pore forming agent used to increase the porosity of carbon materials [299].
As can be seen from Figure 71c, using a small amount of ZnCl; in the precursor
mixture slightly decreases the porosity, but as the zinc-to-carbon ratio is increased,
the effect on the porosity becomes positive, with the material with a 1/1 ZnCl,/C
mass ratio having a SSA of 912 m? g”', much higher compared to the material
similarly prepared except for the lack of ZnCl,, 579 m* g'. Adding ZnCl,
decreases the ZrO, contamination somewhat as well, since it acts as an additional
buffer. It is also evident that there are no crystalline Zn-containing compounds in
the material left over from the ZnCl, (Figure 71c).

The Fe and Zr contents in the catalyst materials are given in Table 22. The
iron content was around 0.5 wt.% in all of the materials, with the ones having
more Zn in the starting mixture seeing an increase in the Fe content, since Zn
etches some of the carbon during pyrolysis, while creating porosity and thus the
overall Fe content is increased. All of the materials also contained Zr, with the Zr
content rising with the ball-mill rotation rate up to point. Adding Zn into the
precursor mixture decreased the Zr content since there was more material in the
jar, which buffered the milling somewhat as also seen from the BET results.
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Table 22. Fe and Zr contents in the catalyst materials determined by ICP-MS.

Catalyst Fe wt.% Zr wt.%
Feo.s-Pheny-SiCDC 100 rpm 0.45 0.67
Feg s-Pheny-SiCDC 200 rpm 0.53 0.72
Feg s-Pheny-SiCDC 400 rpm 0.66 3.59
Feo.s-Pheny-SiCDC 800 rpm 0.51 2.61
Fe.s-Pheny-SiCDC-Zn0.1 400 rpm 0.49 0.21
Feg s-Phenyy-SiCDC-Zn0.5 400 rpm 0.66 0.96
Feo s-Pheny-SiCDC-Znl1 400 rpm 0.74 0.99
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Figure 72. >’Fe Mdssbauer spectra of the synthesised catalysts.
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The results of the ’Fe Mdssbauer spectroscopy on selected catalysts are given in
Figure 72 and Table 23. The first catalyst selected was Feos-Phenso-SiCDC
400 rpm, which gave the highest activity in RDE mode. Feos-Phens3-SiCDC
400 rpm was also analysed by Mdssbauer spectroscopy, to see if including more
Phen into the starting mixture increases or decreases the concentration of some
iron species. Finally, two samples synthesised in the presence of ZnCl, were
included to determine whether the notable improvement on activity in PEMFC
(discussed later) was due to only increased porosity or also different iron
speciation. The selected samples that were characterised by Mdssbauer spectro-
scopy contain only atomically dispersed FeNx moieties, as shown by the sole
presence of quadrupole doublets D1 and D2 in their spectra. No particulate iron
phases were detected. Interestingly, the D1/D2 ratio varied a lot among the three
selected samples, ranging from 0.68 to 2.14. The D1 doublet is known to
correspond to Fe-Nx moieties on the surface, while D2 corresponds either to sites
buried deeper in the carbon structure and/or to surface sites also. Increasing the
Phen content in the starting catalyst mixture has a clear effect on the distribution
of active sites: increasing the Fe to Phen ratio decreases the D1/D2 ratio, which
might be interpreted as decreased relative amount of active sites on the surface.
Because the Phen is taken in excess, some of it will cover or surround the created
Fe-Phen complexes. During the pyrolysis procedure, this Phen will be converted
into carbon, which will then stay on top of some of the active sites and will also
close some of the porosity (as seen from the BET results). In contrast to the Phen
addition effect, adding ZnCl, in the mixture increased the D1/D2 ratio (Figure
72). This can be interpreted as the Zn addition leading to exposing more FeNy
sites on the surface, all other parameters of the synthesis being otherwise similar.

Table 23. Room-temperature Mdssbauer parameters of the doublet components. IS, QS
and LW are the isomer shift (relative to o-Fe at room temperature), quadrupole splitting
and line width, respectively.

Sample IS (mm/s) |QS (mm/s)| LW (mm/s)| Abs (%) |D1/D2| Assign.
Fey s-Phenyy-SiCDC 0.36 1.07 0.77 485 | 094 | DI
400 rpm 0.53 2.19 1.74 51.5 D2
Feys-Phenss-SiCDC 0.36 1.01 0.74 404 | 0.68 | DI
400 rpm 0.55 2.17 1.73 59.6 D2
Feo.s-Phenay-SiCDC- 0.34 0.97 0.75 63.4 1.74 Dl
Zn0.5 400 rpm 0.47 2.15 1.58 36.6 D2
Feys-Phenag-SiCDC- 0.33 0.92 0.70 68.1 | 2.14 | DI
Zn1.0 400 rpm 0.45 1.98 1.41 31.9 D2
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Figure 73 shows the ORR polarisation curves of catalysts synthesised by ball-
milling at different rotation rates of the ball-mill. It can be seen that as the rotation
rate increases, the diffusion-limited current density values increase (up to 400 rpm),
which can be due to two factors: either the reactants for creating active sites are
better dispersed on the CDC particles or the particles themselves are decreased in
size, in both cases leading to an increase in active surface on the electrode. At
800 rpm, the rotation rate is likely so high that the carbon structure on the surface
of the CDC:s is disrupted too much, decreasing the activity again. As is seen from
the ICP-MS results, the amount of ZrO is increased as well with increasing the
rotation rate.
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Figure 73. Steady-state ORR polarisation curves of the catalysts synthesised using
different rotation rates for the ball-mill recorded in O,-saturated 0.5 M H»SO4 solution.

®= 1600 rpm.

Since ZrO, is known to be somewhat active toward the ORR and could thus be
the reason for the higher diffusion-limited currents in the case of catalysts milled
at a higher rpm of the ball-mill, we decided to conduct RRDE experiments to
examine the effect of ZrO, in the Fe-N-CDC catalysts. Figure 74 shows the
RRDE results for three catalysts: One synthesised without any ball-milling, thus
containing no ZrO,, one ball-milled at 100 rpm with a very small ZrO, content
and the most active Fe-N-CDC, which was ball-milled at 400 rpm. ZrO; is known
to create high amounts of H,O, as a side product [300,301]. As can be seen from
the results, both of the ball-milled catalysts had a very small amount of peroxide
produced (1-2%) while the catalyst synthesised via wet-phase synthesis produced
around 3 times as much H,O». This means that either ZrO; has no contribution to
the ORR activity or that the amount of ZrO- is not enough to create significant
peroxide. It also gives proof that ball-milling is needed for a highly selective
Fe-N-CDC catalyst.
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Figure 74. Steady-state ORR polarisation curves and H,O, yields of the catalysts
synthesised using different rotation rates for the ball-mill or via wet-phase synthesis
recorded in O,-saturated 0.5 M H,SOj solution. @= 1600 rpm.

Figure 75 shows the effect of changing the amount of Phen in the catalyst pre-
cursor mixture. A Phen-to-iron molar ratio of 12-1 was found to be optimal, while
either decreasing or increasing the Phen-to-Fe ratio decreased both the £/, value
and diffusion-limited current density for O, reduction on the resulting catalysts
noticeably. This is likely related to the porosity results, as discussed: more Phen
than optimal closes off too much of the porosity, while a very small Phen-to-Fe
ratio means that more of the porosity of the CDC is crushed during the ball-
milling process. By using more Phen, the ratio of surface Fe-Ny sites to those
deeper in the carbon matrix also lowered, which also decreased the activity
somewhat.
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Figure 75. Steady-state ORR polarisation curves of the catalysts synthesised using
different amounts of Phen recorded in O,-saturated 0.5 M H>SOj4 solution. @= 1600 rpm.

Figure 76 shows the effect of ZnCl, addition to the catalyst precursor mixture in
various amounts. The RDE results show little variation as the ZnCl,-to-CDC ratio
is increased from 0.1 to 1, with the £, value being nearly the same and the
diffusion-limited current densities almost unchanged as well, which is surprising
considering the effect on the porosity and the difference in the D1/D2 ratios.
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Figure 76. Steady-state ORR polarisation curves of the catalysts synthesised using
different amounts of ZnCl; in the catalyst precursor mixture recorded in O,-saturated

0.5 M H,SO4 solution. @= 1600 rpm.
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The single-cell H»/O, PEMFC polarisation results are shown in Figure 77 and
Table 24. The trend of activity follows more or less the trend of porosity: the
catalysts with higher porosity, such as the ones synthesized with ZnCl, addition
are much more active than the ones with lower porosities such as the catalyst
synthesised with a rotation rate of 800 rpm. The positive correlation between fuel
cell activity and the D1/D2 ratio also suggest either that a higher fraction of the
FeN sites in the Zn-added catalysts are surface sites, or that D1 corresponds to
FeNj sites with a higher TOF than the D2 sites. Feg s-Phen»-SiCDC 100 rpm and
especially Fegs-Pheny-SiCDC-wet perform very well in the kinetic region, with
the catalyst synthesised in an ethanol suspension without ball milling showing
even higher activity at 0.8 V than the ball-milled ones, but fall off very quickly
with decreasing potential, likely due to the catalyst particle size being very large
because it was not ball-milled or ball-milled at a too low rotation rate. Feg s-Phen-
SiCDC 800 rpm, in turn, has a low performance at high potential, but performs
comparatively better at high current densities. Feps-Phenyo-SiCDC 400 rpm
showed the highest current at 0.8 V in PEMFC, as it did in RDE testing from the
non-ZnCl, ball-milled materials. Feos-Pheny-SiCDC-Zn1.0 400 rpm had more
than 4 times the current density at 0.8 V when compared to Feg s-Phen,o-SiCDC 400
as well as much increased performance at lower potentials, confirming ZnCl,
addition as a successful strategy to increase the ORR performance of this type of
materials. Still, the performance is well below that of the commercial Pt/C, which
can be ascribed to the very large particle size of CDCs.
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Figure 77. Nafion 211 PEMFC H»/O; single cell test results with different Fe-N-SiCDC
or a Pt/C commercial cathode. The anode was a commercial Pt/C catalyst with 0.5 mg cm
loading. 7'= 80 °C, 100% RH, pressure 1.5 bar.
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Table 24. Kinetic current densities at 0.8 V in the RDE experiment and current densities
at 0.8 V in PEM fuel cells using the Fe-N-CDC catalysts.

Catalyst Jk,08v,RDE (MA cm2) | josv, Mea (MA cm2)
Feo.s-Phen-SiCDC 100 rpm 43 43
Fey.s-Phen-SiCDC 400 rpm 7.6 4.5
Feo.s-Phen-SiCDC 800 rpm 2.7 4.4
Feos-Phen-SiCDC-wet 3.9 8.4
Fey.s-Phen-SiCDC 800-Zn0.1 4.5 1.1
Feos-Phen-SiCDC 800-Zn0.5 5.2 13.0
Feos-Phen-SiCDC 800-Zn1.0 4.6 18.5

Learning from the deficiencies shown by the catalysts in PEMFC tests in [XI,
XII] we adapted the strategy of creating composites which worked rather well in
AEMFC [X] to three new CDCs for ORR electrocatalysis in acid media. The
synthesis method is similar to the one presented in [X], with more details available
in section 6.6.

For understanding the changes in the catalyst morphology during the synthesis
process, all of the starting CDC materials and the synthesised catalysts were studied
using SEM. Figure 78a shows a close-up of the surface of the CDC-1 material,
while Figure 79a shows the larger CDC particles. The boron-carbide derived
material has a heterogeneous particle size distribution, with most particles having
a diameter under 1 pm. Figure 78b and 79b show the morphology of the Mo,C-
derived CDC-2. This CDC has an uneven disordered surface and a networked
structure of larger grains with smaller particles in between, with large channels also
visible in Figure 79b. The TiC-derived CDC-3, which is shown in Figures 78c and
79c, had the largest particle size, with most particles larger than 1 um. The CDC
materials doped using Phen and Fe(OAc), are shown in Figures 78d—f and 79d-f.
All of the catalysts have a rather similar morphology after ball-milling and
pyrolysis, with the particle size drastically decreased, while the surface of the
catalysts remains similar to the undoped CDC. Figures 78g—i and 79g—i show the
morphology and surface of the composite materials. After addition of CNTs and
further doping using DCDA and Fe(OAc),, the iron and nitrogen doped CDC
grains, most of which are smaller than 100 nm by that point, are placed between
a network of Fe,N-doped carbon nanotubes. The creation of larger channels
between the CNTs, (also reflected in the BET results, where the average pore
diameter increases nearly 3 times for Fe-Phen-Comp-1 and Fe-Phen-Comp-2 or
even over 4 times for Fe-Phen-Comp-3) leading up to micro/mesoporous CDC
particles, creates very good conditions for oxygen transport in the catalyst layer.
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Figure 78. SEM micrographs of (a) CDC-1, (b) CDC-2, (c) CDC-3, (d) Fe-Phen-CDC-1,
(e) Fe-Phen-CDC-2, (f) Fe-Phen-CDC-3, (g) Fe-Phen-Comp-1, (h) Fe-Phen-Comp-2 and
(i) Fe-Phen-Comp-3. Scale bar is 400 nm for all the Figures.
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Figure 79. SEM micrographs of (a) CDC-1, (b) CDC-2, (¢) CDC-3, (d) Fe-Phen-CDC-1,
(e) Fe-Phen-CDC-2, (f) Fe-Phen-CDC-3, (g) Fe-Phen-Comp-1, (h) Fe-Phen-Comp-2 and
(i) Fe-Phen-Comp-3.

The textural properties of the undoped CDCs, CDCs after doping with Phen and
iron(Il) acetate and the composite materials are given in Table 25, while the PSDs
are shown in Figure 80. All of the starting CDCs purposefully had a similar SSA,
while the pore size distribution (PSD) is very different: the boron carbide-derived
CDC-1 is the most mesoporous with a trimodal PSD and an average pore diameter
of 1.4 nm, the molybdenum carbide-derived CDC-2 is mesoporous as well, but
also has significant microporosity with an average pore diameter of 1.6 nm. The
titanium carbide-derived CDC-3 is highly microporous with the smallest total
pore volume and a d, of 1.3 nm.
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Table 25. Porosity characteristics of the carbide-derived carbon and Fe-Phen-C materials:
surface area (Sprr) and volume of micropores (7)) calculated according to the QSDFT
model, total pore volume (Vi), BET surface area (Sger) and average pore diameter (dp).

Catalyst Sorr, m* g | Vie, em® g |V, em’ g | Sper, m* g | dp, nm
CDC-1 1568 1.25 0.64 1802 1.6
CDC-2 1501 0.98 0.65 1735 1.3
CDC-3 1572 0.75 0.63 1512 1.0
Fe-Phen-CDC-1 461 0.34 0.19 501 1.5
Fe-Phen-CDC-2 446 0.32 0.18 454 1.4
Fe-Phen-CDC-3 936 0.50 0.37 907 1.1
Fe-Phen-comp-1 408 0.73 0.11 404 3.6
Fe-Phen-comp-2 239 0.43 0.06 267 3.6
Fe-Phen-comp-3 354 0.66 0.09 287 3.7

The iron and nitrogen doping using Fe(OAc), and Phen with ball-milling and
pyrolysis obviously has a profound effect on the PSD as seen in Figure 80 — both
the microporosity and mesoporosity (where applicable) as well as the SSA (Table
25) decrease by a large amount. For Fe-Phen-CDC-1 and Fe-Phen-CDC-2, the
decrease in SSA was over threefold, however Fe-Phen-CDC-3 managed to retain
nearly 2 times more surface area. This is likely due to the larger particle size of
CDC-3, meaning that more porosity is retained inside of the grains. After the
addition of CNTs and pyrolysis in the presence of DCDA and more Fe(OAc)s,
the SSA further decreased for all of the catalysts, while the average pore size
obviously increases with the creation of additional mesoporosity by the N-doped
CNTs on top of the CDC cores (also visible in Figure 80 as the peaks around 3
and 15 nm).
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Figure 80. Pore size distribution for pristine carbide-derived carbons and catalysts based
on CDC-1 (a), CDC-2 (b) and CDC-3 (¢).

Figure 81 shows the results of the XPS analysis on the Fe-Phen-CDC materials.
Figures 81a—c show the collected XPS survey spectra, while Figures 81d—f show
the N1s and Figures 81g—i the C1s high-resolution XPS spectra, respectively. The
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XPS wide scans reveal that all of the catalysts had a substantial N1s and Ols
signal in addition to the Cls XPS peak, obviously. The high-resolution XPS
spectra were deconvoluted to determine the speciation of N and C. For the Cls
XPS spectra, only the main components (sp® and sp?) are shown. There are also
minor components visible at lower binding energies from ZrO,. Due to the very
low iron contents Fe could not be detected via XPS. The N1s peak was assumed
to have 5 components. The pyridinic N peak position was constrained from 398.1
to 397.7 eV with an average peak position at 397.9 eV. The Fe-Ny peak position
was constrained from 399.7 to 399.1 eV with an average peak position at 399.3 eV.
The pyrrolic peak position was constrained from 401.7 to 400.5 eV with an average
peak position at 400.5 eV. The graphitic N peak was constrained from 403 to
402.6 eV with an average peak position at 402.6 eV. All components except for
pyridinic N-oxide were assumed the same FWHM constrained from 1 to 2 eV.
The pyridinic N-oxide position was constrained from 403.8 to 405.8 eV with an
average peak position at 405 eV and a FWHM constraint from 1 to 2.5 eV with
an average FWHM of 2.5 eV.
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Figure 81. XPS survey spectra and N1s and Cls core-level spectra for (a,d,g) Fe-Phen-
CDC-1, (b,e,h) Fe-Phen-CDC-2, (c,f,i) Fe-Phen-CDC-3.

135



Table 26 shows the surface nitrogen content and relative contents of different
nitrogen moieties in the Fe-Phen-CDC catalysts. Fe-Phen-CDC-3 had the highest
overall N content along with the highest relative content of pyridinic N, which is
a N atom connected to two carbon atoms in a six-member ring known to enhance
the second step of the ORR in acidic media [72]. Fe-Phen-CDC-1 had the highest
relative content of Fe-Ny but due to the overall lower nitrogen content, Fe-Phen-
CDC-3 still had the highest total amount of Fe-Ny on the surface with Fe-Phen-
CDC-2 following behind. The overall amount of pyrrolic N in each catalyst was
rather similar by taking into account the total N content, but Fe-Phen-CDC-3 also
had the highest concentration of graphitic N. The higher contents of active
components, along with a higher overall N content is beneficial for ORR activity,
as can also be seen from the results of electrochemical studies.

Table 26. Surface nitrogen content and speciation as-determined by XPS.

Total N Graphitic | Pyridinic | Pyrrolic
Sample content | Fe-Nx % | N-O % % % %
Fe-Phen-CDC-1 2.6 at.% 18 7 9 30 36
Fe-Phen-CDC-2 3.0 at.% 12 8 8 38 33
Fe-Phen-CDC-3 4.4 at.% 11 6 9 50 24

To study the effect of creating the Fe,N-doped CNT shell on the CDC cores on
the crystallographic structure of the catalysts, Fe-Phen-CDC-3 was chosen as the
test subject since this material showed the best results in the RDE testing. Figure 82
shows the XRD diffraction pattern of this material and Fe-Phen-Comp-3, the
composite created from it. The Fe,N-doped CDC shows a very wide graphitic
carbon peak (002) at around 20-26°(26) due to the high level of disorder in this
carbon material. It is obvious that CNT addition creates more graphitic domains
in the catalyst and thus the intensity of the peak at 26°(26) assigned to the (002)
reflection of graphite increases and narrows down. The broad XRD peak at
40-46°(26) is assigned to (100)/(101) reflections of graphite and also intensifies
in Fe-Phen-Comp-3. The XRD diffraction patterns of Fe-Phen-Comp-1 and
Fe-Phen-Comp-2, which are very similar to that of Fe-Phen-Comp-3, are also
presented in Figure 82. The Fe-Phen-Comp-2 material has small amounts of WC
in it from pre-milling of the carbide precursor in addition to ZrO, from milling
during synthesis. Other peaks assigned to ZrO» impurities can also be seen in the
diffraction patterns.
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Figure 82. XRD patterns of Fe-Phen-CDC-3 and Fe-Phen-Comp catalysts.

The composition of the bulk of the catalysts was determined by ICP-MS and the
results are given in Table 27. The carbide derived carbon materials still contain
some of the starting carbide, as can be seen from the B, Mo and Ti contents.
CDC-3 is the purest, with only a very minor contamination from Ti. Since the
parent carbides are extremely hard even when compared to ZrO,, there is also
some Zr content in the ball-milled samples.

Table 27. Catalyst elemental composition determined by ICP-MS (wt.%)

Catalyst B Ti Mo Fe Zr
CDC-1 0.45 - - - -
CDC-2 - - 4.1 - -
CDC-3 - 0.08 - -
Fe-Phen-CDC-1 0.22 - - 0.58 2.0
Fe-Phen-CDC-2 - - 1.49 0.29 32
Fe-Phen-CDC-3 - 0.22 - 0.47
Fe-Phen-comp-1 0.12 - - 0.25 1.6
Fe-Phen-comp-2 - - 2.6 1.8 23
Fe-Phen-comp-3 — - — 0.54 1.3

The electrocatalytic activity of all the Fe-Phen-CDC as well as the Fe-Phen-
Comp materials in O,-saturated 0.5 M sulphuric acid was studied using the RDE
method. A comparison of the ORR polarisation curves is given in Figure 83a,
showing all of the Fe-Phen-CDC materials as well as the Fe-Phen-Comp
materials and a commercial Pt/C catalyst. The most positive onset potential of
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Fe-Phen-CDC-3 is better visible here, as well as the effect of creating a CNT shell
on top of the Fe-Phen-CDCs. The half-wave potential for Fe-Phen-CDC-3 is
0.8 V vs RHE. With the creation of the Fe-N-CNT shell around the doped CDC
particles, the Eix is shifted to 40 mV more negative for Fe-Phen-CDC-3 and
Fe-Phen-CDC-1, while for Fe-Phen-CDC-2 the shift is around 30 mV. Compared
to the commercial Pt/C, the £, of Fe-Phen-CDC-3 is only 60 mV more negative.
This is especially remarkable considering the very low content of iron in these
catalyst materials.
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Figure 83. (a) Comparison of ORR polarisation curves in O»-saturated 0.5 M H>SO4
recorded at 1900 rpm for Fe-Phen-C catalysts and a commercial Pt/C catalyst. The
loadings are 0.8 mg cm™ for the Fe-Phen-C materials and 46.1 pgpcm™ for Pt/C.
(b) Tafel plots derived from (a).

The kinetic current densities, which are shown in Figure 83b and Table 28, are
comparable to those of some state-of-the-art catalysts, especially for the highly
active materials derived from TiC. The results also follow the same trend as in a
previous study by us, where a different TiC-derived catalyst was much more
active than a B4C-derived one due to iron boride formation, which can also be in
effect here [267]. Iron boride is less active towards the ORR than the Fe-Nj sites
and as such, lowers the activity of the catalyst. For Mo,C-CDC, preferential
formation of other types of iron moieties is not known and is likely not in effect.
71O, which was also present in the catalysts due to ball-milling, is known to have
low activity towards the ORR and does not influence the catalytic activity much
[300,302]. Titanium dioxide or carbide, which might also be present in Fe-Phen-
CDC-3 at least according to the ICP-MS data, can be disregarded since its ORR
activity by itself is rather poor in acid media [303]. The higher electrocatalytic
activity for O, reduction on the CDC-3 derived materials can be explained by the
higher amount of micropores and Fe-Nx component as well as pyridinic-N, evident
from the XPS data. As the Fe-N-CNT shell is created, the microporosity decreases
and there is some loss in the kinetic current density, but this enhances mass-
transport, which is vital for fuel cell operation. In RDE mode, the diffusion of O,
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to active sites is forced by electrode rotation, but in MEAs with a thick catalyst
layer needed to reach platinum-like activities, microporous catalysts are easily
flooded [87]. Creating a mesoporous shell using Fe-N-CNTs allows for better
mass-transport and could enhance the PEMFC performance.

Table 28. Comparison of E}/; and ji at 0.8 V vs RHE for all the synthesised catalysts.

Catalyst loading Jk.(0.8 V vs RHE)

Catalyst (mg cm?) E2(V vs RHE) (mA c¢cm?)
Fe-Phen-CDC-1 0.8 0.74 1.5
Fe-Phen-Comp-1 0.8 0.70 1
Fe-Phen-CDC-2 0.8 0.74 1.7
Fe-Phen-Comp-2 0.8 0.71 1.2
Fe-Phen-CDC-3 0.8 0.8 5.4
Fe-Phen-Comp-3 0.8 0.76 2.2
Feos-N/CDC-2 0.8 0.81 6.4

The stability of the Fe-Phen-CDC-3 and the composite created from it was also
studied at room temperature and at 70 °C in 0.5 M H»SOj solution. The ORR
activity was recorded as steady-state polarisation curves using a step of 20 mV
and a hold of 10 s, as for the previous RDE data, and the cycling was done at a
sweep rate of 150 mV s between 0.925 and 0.6 V. It can be seen that at room
temperature, the stability of the catalysts is good in the case of both Fe-Phen-
CDC-3 and Fe-Phen-Comp-3, with a £1,; shift of only 10 mV during 5000 potential
cycles. It is also to be noted that in both cases, this £, shift took place during the
first 2000 potential cycles, after which there was nearly no more effect of potential
cycling. This is in accordance with other Fe-N-C catalyst stability studies, which
have shown that there is a fast current decay at the beginning of cycling followed
by a second much slower activity loss [88]. At 70 °C, the E; shift is more intense,
with a negative shift of 36 mV for Fe-Phen-CDC-3 (Figure 84c) and 15 mV for
Fe-Phen-Comp-3 (Figure 84d) and there was a slight decrease in the limiting
current density as well. The main reasons for catalytic activity loss in Fe-N-C
catalysts reported in the literature are demetalation of active sites situated in
micropores [88] and carbon support oxidation, leading to a loss of TOF on Fe-Ny
moieties with no leaching of the iron [90,304]. The core-shell morphology of
Fe-Phen-Comp-3 negates both of these effects, as the catalyst is more graphitic
and therefore more resistant to carbon oxidation (confirmed by the XRD study)
as well as much less microporous (the micropore volume is lowered 4 times and
the average pore diameter is increased from 1.1 to 3.7 nm, as shown in Table 25),
with only minor loss in the ORR activity when compared to the pure Fe-Phen-
CDCs. Chenitz et al. found in their recent study [88] that active sites situated in
mesopores are much more resistant to demetalation effects and thus more stable
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during the PEMFC operation, so the core-shell composites derived from CDCs
and carbon nanotubes are likely to be very stable in PEMFCs. The very low Fe
content also reduces the effect of demetalation.
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Figure 84. Stability of (a,c) Fe-Phen-CDC-3 and (b,d) Fe-Phen-Comp-3 in 0.5 M H>SO4
solution during 5000 potential cycles at (a,b) 20 °C and (c,d) 70 °C. w = 960 rpm.

Table 29 shows a comparison of the PEMFC performance of some of the best
M-N-C catalysts taken from the literature with the materials presented here.
Obviously, the CDC-based catalysts lag somewhat behind the performance of the
best NPMCs, with the main reasons presented in the previous chapter (large
particle size leading to inefficient mass transport, pore closure due to doping and
ball-milling). However, with further improvement of the methods for alleviating
these problems developed as part of this PhD thesis and other solutions (such as
improving the electrode fabrication), we expect that the CDC-based materials can
become competitive in PEMFC as well. The performance at higher potentitals
(>0.8 V) is already comparable to some of the best catalysts, as seen from
Table 29.
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Table 29. PEMFC performance with M-N-C cathode catalysts.

Cathode

loading |Pressure| jogv Joev Prnax
Catalyst (mg cm2)| (kPaabs) |(mA cm2) | (mA cm2)|(mW cm?)| Ref.
Feos-N/CDC-2 4 200 20 250 243 XI
Fe.s-Phen-SiCDC 800-
Znl.0 200 18.2 115 217 XII
Fe-N-C Gen-3 2.5 150 50%* 500* 507*  |[305]
1/20/80-7Z8-1050 °C-15
min 3.9 200 273 1250* 920 [58]
Fe-Ph-MOF fibers 3 200 81%* 650* 496*  |[306]
Zn(mlm),TPI 3.8 150 222 1100% 603 [307]
FePhen@MOF-ArNH; 3 150 123%* 480* 380 [45]
Fe2-78-C 2.8 200 310% 1750%* 1156  |[308]
Fe—N—C—Phen—PANI 3.8 200 35% 1000* 531 [309]
LANL Fel.5-N-C
catalyst 4 100 75% 700%* [310]
ZIF-NC-0.5Fe-700 3.5 150 145 900* 732 [311]
Fe-pBDA@C-SCN 6 100 111 1100* 597 [312]

*Estimated from Figure
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8. SUMMARY

The aim of this doctoral thesis was to study potential replacements for Pt/C cathode
catalysts in PEFCs. To this end, in the first part of the thesis, nitrogen-doped
MWCNT/graphene composites were prepared by first oxidising graphite to
synthesise graphene oxide, and purifying MWCNTs, which were then doped with
semicarbazide, carbohydrazide, biuret, urea and dicyandiamide using flash
pyrolysis at 800 °C [I-1II]. DCDA was identified as the best nitrogen source, with
the jiat 0.8 V vs RHE of the material doped with DCDA reaching 2.6 mA cm™
in alkaline solution. In an alkaline DMFC, this material had the same Pnax as a
commercial 60 wt.% Pt/C catalyst (0.72 mW c¢m 2). Switching the carbon support
from MWCNT/graphene composite to a titanium carbide-derived carbon, the ji
at 0.8 V increased to 7.2 mA cm?, owing to its very high SSA of 2024 m* g'
[VII]. None of the catalysts in the first part of the thesis showed significant loss
in the ORR activity during 1000 potential cycles from 0 to —1.2 V vs SCE. In the
second part of the thesis, iron and cobalt were added to the catalyst preparation
process to create M-N-C materials from MWCNTs [IV-VI]. Adding FeCls to the
catalyst precursor mixture in addition to purified MWCNTSs and DCDA, the best
catalyst showed a ji value of 7.9 mA cm 2 at 0.8 V vs RHE [V] and adding CoCl,
instead managed to increase the performance to 12.4 mA c¢cm in alkaline
conditions [IV]. M-Ny sites and metal/metal carbide particles covered with
nitrogen-doped carbon were identified as the source of the increased activity
when compared to simply nitrogen-doped MWCNTs. Using RDE testing, no
significant activity loss was seen during 1000 potential cycles from 0 to —-1.2 V
vs SCE. In an alkaline DMFC, the Fe and N doped catalyst performed comparably
to Pt/C, with a Poax of 1.21 mW cm 2 [V]. The Co- and N-doped material was
compared to Pt/C in an Hy/O, AMEFC, where it showed a P of 116 mW cm 2,
exceeding a 20 wt.% Pt/C catalyst [[V]. In acidic conditions, the Fe-NCNT catalyst
outperformed the Co-NCNT catalyst, but had lower stability [ VI]. Agglomeration
of the metal into particles rather than being dispersed in M-Nx catalytic centres
was identified as the main problem with this synthesis strategy. In the third part
of the thesis, the MWCNT support was again switched to CDCs to improve the
ORR activity of the catalyst materials [VIII-XIV]. An Fe-N-CDC material based
on TiCDC had a j at 0.8 V vs RHE 0f 9.1 mA cm 2, while a Co-N-CDC synthesised
with the same method managed 8.2 mA c¢cm?in 0.1 M KOH [VIII]. In a DMFC,
the M-N-CDCs outperformed 60 wt.% Pt/C, with Puax of 1.46 and 1.43 mW cm ™
for Fe-N-CDC and Co-N-CDC, respectively [VIII]. In an AEMFC, the results
were also close to that of a 46 wt.% Pt/C, with Puax of 80 and 78 mW cm 2 for
Fe-N-CDC and Co-N-CDC, respectively, compared to 90 mW cm 2 for Pt/C [IX].
The increase in activity compared to M-NCNTs can be ascribed to a higher SSA
(allowing for better dispersion of the metal), larger porosity and a higher nitrogen
content on the surface of the material. A large particle size of the CDC-based
catalysts (1-10 pm) was identified as the main challenge. Making a composite
from the Fe-N-CDC with MWCNTs using a multi-step doping process with
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1,10-phenanthroline as the additional N source managed to rise the Pmax to
160 mW cm ™~ due to an enhanced catalyst layer [X]. These results were improved
upon by optimising the ball-milling conditions of the CDC via usage of smaller
ZrO; beads of 0.5 mm in diameter, wet phase milling and the use of PVP as a
surfactant to enhance the ball-milling process. These advancements managed to
reduce the particle size down to <1 pm while retaining all the porosity lost due to
milling and a near atomic dispersion of the metal. As a result, the Fe-N-CDC
material outperformed Pt/C in an AEMFC with a Pyux of 356 mW cm™ and a joo
v of 52 mA cm™ in an MEA, among the best results achieved with the same
membrane and ionomer [XIV]. In a PEMFC, a TiCDC catalyst with atomically
dispersed Fe-Nj sites managed a jos v of 20 mA cm ™ and a jos v of 400 mA cm >
[XI]. ZnCl, addition was identified as another strategy to mitigate surface area
losses related to ball-milling and pore closure by Phen during the doping process,
leading to a jog v, Mea increase of over four times compared to a Zn-free synthesis
[XIII]. A composite material made from TiCDC and MWCNTs showed a signi-
ficant increase in stability compared to pure CDC-derived catalysts, with the E1/
shift decreased from 38 mV to 15 mV during 5000 cycles from 1 to 0.05V vs
RHE in 0.5 M H,SO4 at 70 °C [XII]. The research done in this doctoral thesis
demonstrated, for the first time, CDC-based fuel cell catalysts capable of per-
forming near to or even better than commercial Pt/C materials. Strategies to
prepare composite materials from MWCNT/graphene or CDCs and for retaining
porosity during ball-milling were also shown here for the first time, which can
and in some cases already have furthered the field of NPMCs as tools for other
researchers. The results of the thesis thus present a significant contribution to the
field of electrocatalysis of oxygen reduction on non-precious metal catalysts.
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10. SUMMARY IN ESTONIAN

Hapniku elektrokatalitiline redutseerumine
mittevaarismetallkatallisaatoritel

Kéesoleva doktoritoé pohieesmérgiks oli uurida odavaid ja kéttesaadavaid
asendusmaterjale siisinikmaterjalidele kantud plaatinakataliisaatoritele (Pt/C)
hapniku redutseerumisreaktsiooniks poliimeer-elektroliiiit kiituseelementide
(PEFC) katoodil. Sellel eesmirgil siinteesiti ja karakteriseeriti t00 esimeses osas
grafiidist valmistatud grafeenoksiidi ja puhastatud mitmeseinalistest siisinik-
nanotorudest (MWCNT) valmistatud limmastikuga dopeeritud komposiitkatalii-
saatoreid [I-III]. Lammastikuga dopeerimiseks kasutati semikarbasiidi, karbo-
hiidrasiidi, biureeti, uureat ja ditsiiaandiamiidi (DCDA), millest parima tulemuse
andis DCDA. DCDA abil valmistatud kataliisaatori kineetiline voolutihedus (ji)
0,1 M KOH lahuses 0,8 V juures podrduva vesinikelektroodi (RHE) suhtes oli
2,6 mA cm”. Anioonvahetusmembraaniga otseses metanool-kiituseelemendis
(DMFC) saavutati selle materjaliga maksimaalne voimsustihedus (Pmax)
0,72 mW cm 2, mis oli ligikaudu sama kui 60% Pt/C kataliisaatoril. Siisinik-
kandja vahetamisel komposiitmaterjalilt karbiidset péritolu siisiniku (CDC) vastu
tdusis ji viirtus 7,2 mA cm  peale, mida seostati CDC-pdhise kataliisaatori viga
suure eripinnaga (2024 m* g') [VII]. Mitte iihegi doktoritdd esimeses osas
kasutatud kataliisaatori puhul ei tdheldatud aktiivsuse kadu tsiikleerimisel 0 kuni
—1,2 V kalomelelektroodi suhtes 1000 tsiikli viltel. Doktorit66 teises osas siin-
teesiti ja karakteriseeriti raua voi koobalti ja 1dmmastikuga dopeeritud siisinik-
nanotorusid [IV-VI]. FeCl; lisamisel siinteesisegusse (lisaks MWCNT-dele ja
DCDA-le) saavutati 0,1 M KOH lahuses 0,8 V juures RHE suhtes jx vairtus
7,9 mA cm™[V] ning CoCl, kasutamisel 12,4 mA cm ™ [IV]. Elektrokataliiiitilise
aktiivsuse kasvu pohjuseks oli N-dopeeritud siisinikuga kaetud metalli/metalli-
karbiidi voi -oksiidi osakeste ning M-Ny tsentrite teke kataliisaatormaterjalis, mis
kdituvad hapniku redutseerumise aktiivtsentritena. Poorleva ketaselektroodi
meetodil (RDE) 14bi viidud stabiilsustesti véltel ei tdheldatud mingit aktiivsuse
langust. Aluselises DMFC-s oli Fe ja N dopeeritud materjali aktiivsus sarnane
Pt/C kataliisaatorile (Pmax = 1,21 mW cm?) [V]. Co ja N dopeeritud materjal oli
AEMFC-s isegi aktiivsem kui 20% Pt/C (Ppax = 116 mW cm ™) [IV]. Happelises
keskkonnas oli Fe ja N dopeeritud kataliisaator aktiivsem kui Co ja N dopeeritud
materjal, kuid kahjuks kehvema stabiilsusega [VI]. Pohiliseks probleemiks selle
stinteesimeetodi puhul oli metalli aglomereerumine osakesteks, mille kataliiiiti-
line aktiivsus on vdiksem kui M-N kataliiiitilistel tsentritel. Doktorit66 kolmandas
osas siinteesiti CDC-1 pohinevaid Fe v6i Co ja ldmmastikuga dopeeritud siisinik-
kataliisaatoreid [VIII-XIV]. TiCDC-I pdhineva Fe ja N dopeeritud materjaliga
saavutati 0,8 V vs RHE juures 0,1 M KOH lahuses ji viirtuseks 9,1 mA cm 2,
samas kui Co-N-CDC materjali puhul oli see 8,2 mA cm [VIII]. DMFC-s olid
molemad kataliisaatorid aktiivsemad kui 60% Pt/C, Fe-N-CDC puhul oli Prax
1,46 ja Co-N-CDC puhul 1,43 mW cm™? [VIII]. AEMFC testides saadi Fe-N-

168



CDC puhul Py viirtuseks 80 ja Co-N-CDC puhul 78 mW cm ™ [IX]. Aktiivsuse
kasvu pShjuseks vorreldes siisiniknanotorudel pohinevate kataliisaatoritega oli
materjali suurem eripind, poorsus ning ldmmastiku kontsentratsioon pindkihis.
Pohiliseks probleemiks, eriti kiituseelemendis, oli CDC osakeste suurus
(1-10 pm). CDC ja MWCNT komposiidi valmistamine 1,10-fenantroliini sekun-
daarse lammastikuallikana ja mitmeetapilist siinteesiprotseduuri kasutades andis
eelnevatest veelgi paremaid tulemusi: Fe ja N dopeeritud komposiitmaterjali Pmax
vidrtus oli 160 mW cm™ [X]. Selle peamiseks pdhjuseks on sellest materjalist
valmistatud elektroodi optimeeritum struktuur kiituseelemendis, mis muudab
massililekande efektiivsemaks. Viimaks kasutati kataliisaatori valmistamiseks
kuulveskis jahvatamise optimeerimist. 5 mm ZrO, kuulide vahetamine 0,5 mm
diameetriga kuulide vastu ning jahvatamine etanooli keskkonnas poliiviniiiil-
plirrolidooni juuresolekul vihendas kataliisaatori osakeste diameetrit <1 pm. Sel
meetodil vélditi ka jahvatamisest tulenevat poorsuse langust ning saavutati
metalli parem jaotumine kataliisaatori pinnale M-Ny tsentritesse. Fe ja N dopeeri-
tud kataliisaator andis AEMFC-s Py viirtuseks 356 mW cm™ ning ji vidrtuseks
0,9 V juures 52 mA cm?, mis on iiks parimaid sama membraaniga kiituse-
elemendis saavutatud tulemusi [XIV]. Prootonvahetusmembraaniga kiituse-
elemendis (PEMFC) saadi TiCDC-1 pohineva kataliisaatoriga jos v vadrtuseks
20 mA cm? ja joe v vadrtuseks 400 mA cm? [XI]. Siin leiti, et ZnCl, lisamine
stinteesisegusse vOimaldab samuti jahvatamise ja 1,10-fenantroliiniga dopeeri-
misest tulenevaid poorsuse ja eripinna kadusid viltida, mis suurendas jog v
véiartust neljakordselt [ XIII]. TiCDC ja MWCNT valmistatud komposiitmaterjali
puhul tdheldati, et 5000 tsiikli véltel potentsiaalivahemikus 1 kuni 0,005 V RHE
suhtes 0,5 M H,SOj4 lahuses 70 °C juures vihenes poollainepotentsiaali nihe {ile
2 korra vorreldes ilma MWCNT lisandita kataliisaatoriga [XII]. Kéesolevas
doktoritods siinteesiti ja karakteriseeriti esimest korda CDC-l pdhinevaid
kataliisaatoreid, mis nditasid kommertsiaalse Pt/C kataliisaatoriga vorreldes
sarnast voi isegi korgemat aktiivsust. Esmakordselt demonstreeriti siinteesistra-
teegiaid MWCNT/grafeen ja MWCNT/CDC komposiitkataliisaatorite valmista-
miseks ning kuulveskis jahvatamise negatiivsete efektide vihendamiseks, mida
on juba kirjanduses kasutatud edasisteks arenguteks mitte-vadrismetall-
kataliisaatorite vallas. Selles doktoritdds saadud tulemused osutavad mérkimis-
véadrsele edasiminekule hapniku redutseerumise elektrokataliitisi alal.
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