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1 Motivation

The following decades are dominated by the impacts of climate change and the required
technological challenges.!!! Emission of CO, is the main factor in terms of greenhouse
gas contribution to climate alteration, therefore our energy system needs to be trans-
formed, from a fossil fuel based one to renewable energies.!'?! A cornerstone of this
infrastructure at this point is energy storage and conversion. Hydrogen seems to be a
suitable chemical storage solution, as it can be produced from carbon-based chemicals
intermittently and electrochemically from water through electrolysis.** For energy con-
version from hydrogen as a chemical storage to usable electrical and thermal energy, the
fuel cell is an relatively efficient and emissionless prospect. It utilises the exothermic
combustion reaction of hydrogen with oxygen to water and produces electricity and heat
in the process.!*! The fuel cell can be used for many different sectors, such as off-grid en-
ergy production, decentralised urban electricity and heat supply or freight and passenger

transportation.!+~!

Especially in transportation, the proton-exchange membrane fuel cell (PEMFC) already
finds commercialisation even though these systems are not yet mass-produced./*! This
technology is however still in its research and development phase and requires a lot of
effort for large-scale and resource conserving implementation. Due to their excellent cat-
alytic activity and adequate long-term stability carbon-supported platinum nanoparticles
and alloys are used for both electrodes in current state-of-the-art PEMFC.>®! The cath-
ode side poses the imminent research challenge, as the platinum loading is about 5-10
times higher, than on the anode, because of the considerably faster hydrogen oxidation
reaction (HOR) on the anode in acidic media.>®! Extensive research has been conducted
to improve mass-activity and lower the loading, as platinum is scarce in the earths crust
and therefore expensive, even without current large-scale application of PEMFC in the
automotive sector.*>! The price of a PEMFC stack is largely dictated by the platinum
price, according to the USA Department of Energy, which is prognosed to increase even
further with more demand in platinum.®! The set cost threshold for consumer level fuel
cell automotives of 20 US$ kWee.ric”' may be unreachable with platinum in both an-
ode and cathode, due to the raw material price.”*! A similar performing non-platinum
oxygen reduction reaction (ORR) catalyst could therefore accelerate the introduction of

PEMEC in consumer systems. One of the currently most attractive replacements for



the cathode side catalyst are heat treated non-noble Me-N-C catalysts.[*38 These cat-
alysts are presumably comprised of carbon matrix embedded nitrogen functions, either
occurring singular or in complexes with a metal ion.!>!%!!I' A Jot of research effort has
already been put into these systems and produced catalysts with decent catalytic ORR
activity, however lack long-term stability in acidic media and a high active site density,
which in turn lowers their volumetric activity in comparison to platinum catalysts.*!213]
Different synthesis routes and precursors have been tested producing a wide variety of
pathways for initially active catalysts, but stability investigations are scarce.!*>!314 The
most active metals turn out to be Fe and Co, each with up- and downsides in terms of
their activity and physical and electrochemical properties. Bimetallic catalysts, espe-
cially with Fe and Co as metal species were investigated, due to a presumed synergistic
effect between metals.['*!5] The combination of positive aspects of each metal could
therefore lead to better catalysts, which circumvent flaws, like low stability and electro-
chemical selectivity. Binary Fe and Co Me-N-C catalysts were found to have average or
better stability and activity than their monometallic counterparts.!!*!%!7! In these studies
however, bimetallic catalysts were only tested alongside the main focus on monometallic
catalysts. The variation in metal contents was not further investigated and thus systemic
effects omitted. A more systematic approach to different metal contents in bimetallic
Me-N-C could lead to a better understanding of the structure-induced effects of each in-

dividual metal and electrochemical behaviour and is lacking in many studies to this day.

In this thesis mono- and bimetallic FeCo-N-C catalysts with a fixed metal content but dif-
ferent metal ratios are synthesised to investigate the influence of these different synthesis
parameters. Spectroscopic, microscopic and diffraction techniques are used to elucidate
catalysts properties and different structures based on metal ratio, which include trans-
mission electron microscopy (TEM) with energy dispersive X-ray spectroscopy (EDS),
X-ray photoelectron spectroscopy (XPS) and X-ray powder diffraction (XRD). The elec-
trochemical properties of the catalysts are investigated in an rotating ring-disk electrode
(RRDE) setup in acidic electrolyte with different techniques to determine electrochem-
ical activity and selectivity. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) are utilised in conjunction with oxygen and nitrogen saturated elec-
trolyte. Furthermore, an accelerated stress test (AST) is carried out, to determine the

stability and AST-induced property changes of the produced catalysts.



2 Fundamentals

2.1 Proton Exchange Membrane Fuel Cells

The PEMEFC is one promising approach to sustainable and renewable energy conver-
sion, as it reacts hydrogen and oxygen from the air under controlled conditions to pro-
duce electrical energy, water and heat.’>%!31 If the hydrogen is generated from a renew-
able source, such as water electrolysis in combination with solar energy, the process
does not use fossil fuels and is environmentally sustainable. Besides the proton ex-
change membrane (PEM) variant of the fuel cells, various modifications exist for distin-
guished applications using different fuels and materials, like alkaline fuel cells or solid
oxide fuel cells."2!1 Even for PEMFC two variants exist, the high-temperature (HT)
PEMEFC, which operates at around 160 °C and the low-temperature (LT) PEMFC, below
100 °C.22! The HT-PEMFC utilises a phosphoric acid soaked polybenzimidazole (PBI)
membrane and is best suited for stationary and prolonged operation, due to the high op-

eration temperature and subsequent longer start-up phases compared to LT-PEMFC.!!8!

H, = 2H +2¢ 0,+2H +2e = H,0

Catalyst Layer

oy
N

Gas Diffusion Layer

\ Bipolarplate/

Flowfield

Water + Air
MEA ! Membrane

Figure 2.1: Schematic view of a single PEMFC with indicated parts and reactions.

Unused H,



2.2 METAL-NITROGEN-CARBON ELECTROCATALYSTS

With a lower operating temperature, the LT-PEMFC offers more flexibility and thus
wider application in transportation and as transportable power sources.[%!®! Contrary to
the HT-PEMFC, the LT-PEMFC employs a proton conducting sulfonated perfluoroethy-
lene polymer membrane, called Nafion®. This membrane is sandwiched between the
anode and cathode gas diffusion electrode, which are traditionally made of dispersed
platinum nanoparticles on an electrically conductive, highly-porous carbon support (fig-
ure 2.1). Both catalyst layers are enclosed by gas diffusion layers (GDL), made from
carbon fibers, to facilitate fuel transport in hierarchical pore systems. Membrane, cata-
lyst layer and GDL together form the so-called membrane electrode assembly (MEA),
which is encased by bipolar plates (BBP), made from metal or graphite, to provide elec-
trical conductivity to the external circuit. These plates have the gas in- and outlets with
flow patterns imprinted for gas distribution across the entire electrode surface. Hydrogen
is fed on the anode side through the BPP and GDL to be oxidised on the electrocatalyst,
generating a proton and electron.[%!®22] The electron is conducted to an external load
and becomes usable electricity, while the proton diffuses through the semi-permeable
membrane to the cathode. Here, oxygen gets electrochemically reduced and combines
with protons at the triple phase boundary between electrolyte, catalyst and gas phase to

water, which gets exhausted.

2.2 Metal-Nitrogen-Carbon Electrocatalysts

The current and estimated rising cost of platinum metal used in catalysts hinders the
large-scale introduction of PEMFC in the consumer sector.[*! Novel platinum-free cat-
alysts are therefore imperative and research efforts have been on-going.!*!223! The harsh
acidic and oxidising environment of the PEMFC poses a challenge to catalyst design as
non-noble metal particles like iron, manganese or copper are too unstable in this regime
to be considered as catalysts.[>*! Therefore it is crucial to find alternative systems, that
either do not incorporate metals or stabilise them sufficiently. Promising candidates
are transition metal complexes with nitrogen and carbon, in which the metal ion is sur-
rounded by nitrogen heteroaromatics comparable to pyridine and pyrrole derivatives.!*12-2%!
These compounds derived from natural oxygen reducing enzymes, which occur unilat-

erally in organisms are called Heme/Cu terminal oxidases and have been known since

the 1970s. The catalytically-active reducing sites in these enzymes are metal-nitrogen



2 Fundamentals

macrocycles analogous to porphyrin and phtalocyanine (figure 2.2). Synthetically-made
cobalt phtalocyanine catalysts by Jasinski et al. first showed ORR activity at room tem-
perature in alkaline medium.®*! In the following years, it was demonstrated that different

metal-nitrogen macrocycles were also active in acidic media.!!%2>-26]

) e e

De®

Figure 2.2: Chemical structures of a) porphyrin and b) phtalocyanine macrocycles.!*’!

Additionally, Fe metal centers showed the highest activity with Co being second. Further
studies by Jahnke et al. on unsupported and carbon-supported Me-N species showed,
that a heat treatment under inert gas improves chemical stability and ORR activity.?”-8]
It was believed that the heat treatment formed an active species of metal surrounded
by doped nitrogen embedded in the carbon matrix, therefore making it less prone to
chemical degradation. Yeager et al. later showed that the catalysts can be synthesised
with separate metal salts and nitrogen-containing polymers on a carbon support, enabling
different synthesis routes and corroborate the heat treatment as the vital part to active site
formation.!*”! This catalyst system has been intensively investigated over the years since
and some different synthesis paths emerged. These combine early approaches of the

heat treatment and individual precursors with modern catalyst design, like utilisation of

metal-organic frameworks (MOF) and template methods. !

2.2.1 Synthesis Routes

A vast research effort has been put into Me-N-C electrocatalyst, presenting many differ-
ent ways of production. Three different synthesis pathways can be identified, differing
in precursors and catalyst design. Even though, different precursor materials and meth-
ods are used, the heat treatment step links all of these different paths together. During
the heat treatment the precursor get transformed into a coherent catalyst and active sites
are formed. Carbon atoms are converted to carbonaceous and graphitic structures during

the heat treatment and nitrogen functions lead to pyridinic and pyrrolic moieties in the



2.2 METAL-NITROGEN-CARBON ELECTROCATALYSTS

carbon matrix. Depending on the temperature during the heat treatment different nitro-
gen containing functional groups are produced in different ratios. It was found, that a
temperature between 800 and 1000 °C yields the most active catalysts, even though this
is highly dependent on the exact choice of precursor materials.”™ The heat treatment can
be performed under inert atmosphere like argon or nitrogen or in reactive atmospheres
like ammonia, which can act as a nitrogen source during synthesis. In the following,
three different synthesis methods are explained briefly, namely MOF, silica template and

porous carbon support pathways.

Metal-Organic Framework

Just recently, MOFs were introduced in the field of Me-N-C catalysts, but shows promis-
ing future improvements as the MOF structure and tunability leads to a rational approach
in design.[>!'*! MOFs are comprised of a metal ion, most prominently Zn, surrounded
by organic molecules acting as electron-donating ligands. These often build repeating
units, resulting in a crystalline structure, which can incorporate a pore structure and
subsequently high surface area.!>!*3% For their use as Me-N-C catalysts MOFs are heat
treated (figure 2.3), which leads to a conversion of the MOF to Me-N-C structures, which
retain the order and pore structures of the initial MOF.!'"*3!! Herein, the active sites are
uniformly dispersed, emphasizing the importance of high surface area. The properties
of the resulting Me-N-C catalyst can be specifically tailored to the catalysts demands
by choice of ligand and metal precursor in the MOF synthesis.!”! Catalysts made by
this design, incorporating Co and Fe, showed high ORR activity in alkaline as well as
in acidic media in RDE measurements.!'**?] Additional metals can be either introduced
during MOF synthesis and directly build into the structure or exchanged later on in the

pyrolysis step.

s B -!3 ».’, % b
Wy 0 i‘ S
Ligand MOF Synthesis ﬁ’\}?‘.
Me Salt . P X

HEPRR

B S

D

Heat Treatment
b Me-N-C

Figure 2.3: Overview of the Me-N-C synthesis using the MOF method. ZIF-8 image
with permission from Fujie et al.[**! published by The Royal Society of
Chemistry.
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The metal substitution during the doping process proved to be useful with a lower second
metal content, since pristine MOFs usually contain a high metal content, detrimental to
the ORR activity of Me-N-C.['*! Even though MOF derived Me-N-C catalysts show
excellent activity and durability, their cost as a precursor overshadows these and the

synthesis is non-trivial, due to hazardous reagents such as hydroflouric acid.!?!

Silica Hard Template

The silica hard template approach to the synthesis of Me-N-C catalysts is akin to design
in industrial heterogeneous catalysis with a hard template, on which the active compo-
nents get deposited and the template later removed."®! The as-made catalyst forms the
negative of the template used. The catalysts properties can be controlled and tailored to
the desired application for example porosity and surface area. A frequently used tem-
plate is porous silica, like SBA-15, KIT-6 or MCM-41, as it can be easily made in differ-
ent structures and removed by immersion in hydroflouric acid or concentrated potassium

[5:34.35] This however presents a downside of this synthesis route as the han-

hydroxide.
dling of these chemicals requires certain protections and precautions. Precursors for the
catalyst are available in a wide array of nitrogen-containing molecules, nitrogen poly-
mers and monomers for in-situ polymerisation and metal salts.!>**! This allows tuning

of the catalyst, independent of the structural morphology provided by the template."!

Me Salt Heat Template
N Molecule + Treatment Removal
Acid Leaching

Figure 2.4: Overview of the Me-N-C synthesis path using silica hard templates with
Me-N-C catalyst indicated in orange.

Porous Carbon Support

In contrast to the previously described synthesis methods of Me-N-C catalysts, the sup-
port based method allows a simple synthesis by combining a well-known carbon struc-
ture with a variety of N- and Me precursors.!>!?! Porous carbon supports have been ex-

tensively used for state-of-the-art platinum catalysts. They are readily available and
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provide excellent properties in terms of electrical conductivity, surface area and pore
morphology.**3”1 These can be brought together with a nitrogen source and metal moi-
ety to form active catalysts during the heat treatment. Metal ions are often available
through their simple salts, such as nitrates, acetates or sulfates, making them a cheap
and available precursor. The nitrogen source offers even more variety as aminic, N-
heteroaromatic, nitrogen polymers or nitrogen monomers for in-situ polymerisation can
be used. The nitrogen source decomposes during the heat treatment and gets incorpo-
rated into defect sites of the carbon support matrix. Additionally, nitrogen precursors
can form carbonaceous structures like graphene layers or carbon nanotubes on the sup-
port, which can vary widely depending on the specific precursor used.!'>383% These
changes can also be pronounced in the electrochemical performance leading to different
activities and peroxide yield as well as durability variances, depending on the nitrogen
source.!'># During the heat treatment elemental metal particles or metal carbides can
form from a surplus of available metal. Thus, acid leaching is carried out to dissolve
metal particles but leave matrix incorporated active sites unaffected. Recently, multi-

ple heat treatments have been performed in addition to acid leaching in order to remove

remaining acid molecules and unstable carbon moieties.!'®*!!
N e Impregnation + Heat Treatment
Me Salt »| Me-N-C MoNC
Carbon Support Heat Treatment
Acid Leaching

Figure 2.5: Flow chart of carbon support method for the Me-N-C synthesis with op-
tional additional steps indicated in orange.
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2.2.2 Active Site Discussion

The ORR mechanism in Me-N-C catalysts and the exact processes taking place on dif-
ferent groups in the catalyst remain elusive and a point of discussion. Molecular oxygen
can be reduced to water in different mechanisms, utilising either 2 or 4 electrons.[10-12]
The 2e~ pathway reduces O, only to H,O,, while the 4e~ mechanism avoids H,O,
formation and directly produces water. H,0O, is, due to its strong oxidation capabili-
ties, detrimental to the fuel cell since it can oxidise the carbon support or degrade the
membrane.!®** Peroxide formation is especially problematic with Fe or Co present in
the catalyst, because these metals catalyse the Fenton reaction, forming reactive oxygen
species from peroxides, which oxidise neighbouring carbon atoms rapidly, degrading
the support.*>*3 The catalytically-active sites in Me-N-C catalysts remain a point of
discussion, in-fact there are different sites contributing to ORR activity.[*! The postu-
lated most active site is the metal complexed by four matrix incorporated pyridinic or
pyrrolic groups and catalyses the 4 e~ mechanism in the case of Fe and 2 e~ mechanism

with Co.H10:42:44]

H,0 <

Figure 2.6: Schematic overview of different supposed active sites with indicated proba-
ble ORR mechanism.

Variations of these sites occur with differing numbers of complexing nitrogen groups and
how these are incorporated in the carbon matrix. For example, in-plane sites (MeN,) or
at plane edges connecting adjacent carbon sheets (MeN,,,), result in varying ORR ac-
tivities and ORR mechanism selectivities.!'%*! Kramm et al. proposed the existence of
active FeN,,, sites preferably in micropores as connection of carbon sheets inside the
pore, correlating the micropore volume of the support to ORR activity.[**! The determi-

nation of the exact nature of metal moieties in the catalyst is fairly difficult, since the
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processes during heat treatment remain elusive and the characterisation of the catalyst is
hindered by low metal content and sparse metallic sites.

Depending on the metal, spectroscopic techniques like Mdossbauer, in the case of Fe,
or X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) can be employed, even though these are scarcely available.[!744+4]
Even without metals present, nitrogen doped carbon supports show ORR activity, al-
though with a significantly lower activity in acidic electrolyte and selectivity than their
metal-containing counterparts.'®!246] Pyridinic and pyrrolic groups in the carbon matrix
show this activity towards ORR, with pyrrolic nitrogen presumably reducing oxygen to
hydrogen peroxide in a 2e~ mechanism and pyridinic nitrogen further reducing the per-
oxide to water again with 2 e resulting in 2 + 2 e in total.!'” Nitrogen is also proposed
to act as an n-type dopant, hence donates electrons to the carbon lattice, warranting fur-
ther ORR activity.!*”! A schematic overview of the different proposed active sites inside

the carbon matrix can be seen in figure 2.6.

2.2.3 Bimetallic Catalysts

In the search for more active and durable Me-N-C catalysts different third period tran-
sition metals have been examined.!'>!13484% Using Fe as the metal component yields the
highest ORR activity, with Co coming in second but lacking in terms of activity and
selectivity. Co however shows higher durability than Fe catalysts in spite of the higher
peroxide yield observed.3!

One might assume that, the combination of positive properties of these metals might lead
to more effective catalysts and has been investigated in different studies but just supple-
mentary to monometallic catalysts. It led to contradictory results.’®!*! Martininaiou et
al. found an ORR performance averaging that of Co and Fe monometallic Me-N-C cat-
alysts when investigating bimetallic FeCo-N-C.[!'3l However, stability investigations on
this catalyst led to a stronger degradation compared to the monometallic catalysts. Inves-
tigations from Wu et al. showed an increased stability in bimetallic FeCo-N-C, with the
proposal of a stabilising influence of Co in the catalyst.®! Interestingly, the bimetallic
catalyst displayed a higher stability than monometallic Co-N-C suggesting synergistic
effects through the incorporation of both metals. ORR performance-wise the bimetallic
catalyst by Wu et al. lied in between both monometallic catalysts supporting the result

by Martiniou et al.[®!1?!
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2.3 Electrochemical Characterisation

The electrochemical characterisation of novel electrocatalysts can be realised through
testing in an rotating disk electrode (RDE) setup, which allows for facile and rather
quick testing of new materials. This technique avoids non-trivial MEA manufacturing
and requires much less material than catalyst testing in an actual fuel cell. RDE work
in a three electrode setup with the catalyst applied in the tip of a rotating working elec-
trode (WE).[>!=53! In addition to the WE, a counter electrode (CE) and reference electrode
(RE) are submerged in an electrolyte solution, providing electronic and ionic conductiv-
ity. The WE is comprised of an insulation mantle surrounding a disk electrode and can
be seen schematically in figure 2.7.5!* The rotation of the WE leads to an outward lam-
inar flow of electrolyte across the electrode surface induced by radial centrifugal forces,

which can also be seen in figure 2.7.

a) Disk electrode Teflon mantle ©)
z

Figure 2.7: Schematic view of a RDE with indicated parts a) perpendicular to the rota-
tion axis and b) along the rotation axis.

This leads to a constant flow of bulk electrolyte to the electrodes surface and thus an
location independence of the measured current. The regime directly under the disk is the
so-called diffusion layer, whose thickness is rotation speed dependent and mass-transport
is only dictated by diffusion. Due to this arrangement the measured current underlies
steady-state conditions, improving reproducibility and predictability of the system.!>”
Thus at small overpotentials the current is only determined by reaction kinetics and
charge transfer resistance with no mass-transport limitation. In figure 2.8 a schematic

ORR curve can be seen with indicated parameters and mixed limited current area.
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mixed limited current area

on-set potential

Current density

limiting current i

Potential

Figure 2.8: Schematic plot of an ORR curve with indicated limiting current, on-set
potential and half-wave potential E, .

With higher overpotentials the mass-transport becomes a limiting factor in the mixed
limiting area.’!! At the boundary of these areas, the onset potential can be determined
as an ORR performance indicator for the catalyst. In the mixed limited area the transi-
tion from kinetically to mass-transport limitation can be seen in the inflection point of
the curve, which represents the half-wave potential. At high overpotentials the mass-
transport becomes the limiting factor in the diffusion limited area. Since the mass-
transport is dependent on the rotation speed of the WE, the limiting current density
J1im also varies with rotation speed. The reciprocal measured current densities j in the
mixed limited area can be described as the sum of the reciprocal kinetic current density

Jjkin and limiting current density, as shown in equation 2.1.1!%%!

1 1 1
=t 21
J Jkin Jlim

Thus the kinetic current density can be extracted by rearrangement of 2.1 to 2.2.
Jin = S (22)

The kinetic current density can be used as a measure for the ORR performance of the
catalyst in the form of the mass activity. Here, 2.2 is used with one j value at a cer-
tain potential, depending on the type of catalyst used, and related to the mass of catalyst

applied to the electrode. Furthermore, the kinetic current density can be used to con-
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struct a log(jkin) vs. E Tafel plot to determine the Tafel slope and exchange current
for the reaction.®®! These parameters can give an indication to the rate-determining step
of the electrochemical reaction and thus kinetic information. However, in the case of
Me-N-C different active sites are present and thus multiple reactions occur, rendering a
determination of the rate-determining step difficult.
A variant of the RDE is the addition of another electrode in the form of a ring around the
disk electrode.!>'33-53 In this case the setup is called RRDE and the catalysts selectivity
can be investigated to distinguish the 2- or 4- electron reaction pathways, related to the
reduction to H,O, or H,O, respectively can be determined through the ring. A constant
potential is applied to the ring, which oxidises or reduces side-products, which are thus
detected and quantified.’!>*361 The yield of side-product reacting at the ring is deter-
mined by the electrode geometry and a collection efficiency factor N can be measured,
specific for each electrode. N can be determined through the ratio of the current density
at the Ring jg and the disk current density jp according to equation 2.3.151:3
JR
b

N = (2.3)

In the application of ORR electrocatalyst testing, the H,O, production during can be

calculated using equation 2.4.1257]

(2.4)

Xis0,(%) = 100 ( 2/ N )

Jjp + jr/N
Here, X is the reaction yield, jr is the current density measured at the ring electrode

and jp is the current density measured at the disk electrode.
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2.4 PHYSICAL CHARACTERISATION

2.4 Physical Characterisation

The following physical characterisation techniques, besides TEM, utilise X-rays to eluci-
date morphological and chemical properties. The physical processes and thus the gained

information for each technique are presented in table 2.1. Each of them uses specific

physical properties in order to provide information about the sample.

Table 2.1: X-ray characterisation techniques with their associated physical process and
the information gained.

Technique Process Information
XPS Emission of photoelectrons Elemental and chemical surface
after X-ray excitation composition
XRD Diffraction of X-rays Presence and structure of
crystalline materials
EDS Emission of X-rays after

Elemental composition and
electron excitation

spatial mapping

2.4.1 X-ray Photoelectron Spectroscopy

Principles

XPS is a destruction-free, surface-sensitive technique, used to investigate solid samples.

Emission of an inner-shell electron from an element, due to the absorption of X-rays
(figure 2.9) is utilised.®!

vacuum

\
1}
Y
v o, /
. \ v
Fermi-level ‘.‘
\
1

2p

2s

Figure 2.9: Schematic view of the primary emission process.
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The emitted electrons carry a specific kinetic energy Ex;,, which is the result of X-ray
excitation energy hv, the work function of the spectrometer ®; and binding energy to
its nucleus of the emitted electron Ep.’%%! Rearranging this correlation for Ep yields
formula 2.5. The electron Ep is according to Koopman’s theorem, the difference of the

electron energy in the atom compared to it’s energy in vacuum.
EB :hU—Ek,‘n _®s (25)

Ep is unique for each element and atomic orbital, which is useful for determination of
the elements contained in a sample, their concentrations and chemical state. XPS analy-
sis is surface-specific, because emitted electrons can only move a certain distance, before
colliding with other electrons and subsequent loss of energy in inelastic collisions.>%>"!
The mean free path A(E) of the electron is usually between four and eight atomic mono-
layers in the solid. Electrons, which emerge from deeper atomic layers are also detected,
but at different binding energies, due to the energy loss in collisions. These electrons
appear in the background of the spectrum and result in its usual step-like structure to

higher Ep.

Secondary Processes and Doublet Splitting

The primary emission process can be followed by a secondary emission of an elec-
tron. These include the emission of Auger-electrons and X-ray fluorescence.’®®! After
the emission of a photoelectron the resulting electron hole can be filled by an electron
from a higher atomic shell, emitting a second electron from the same or even higher shell,
which is called an Auger-electron (figure 2.10.a). Kinetic energy of Auger-electrons is
independent of the excitation energy, hence a shift in peak positions only occurs for
photoelectrons after switching the X-ray wavelength. Secondary processes take place
until the electron hole is propagated to the outermost atomic shells and is filled either
through employed charge compensation or electrical connection of the sample holder.
For XPS Auger-electrons are of secondary concern but constitute the investigative prin-
cipal of Auger-electron spectroscopy (AES). Besides the emission of Auger-electrons,
X-ray fluorescence can occur in competition with emitted X-ray irradiation instead of
electrons, due to the same phenomena in the atom (figure 2.10.a). Additional to sec-

ondary emission processes, final state effects occur in XPS.
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Figure 2.10: Schematic view of secondary emission processes: a) X-ray fluorescence,
b) emission of Auger-electrons.

Spin-orbit splitting is one of these effects for emitted electrons from the p-, d- and f-
orbitals. This effect leads to peak splitting with different relative intensities and stems
from the interaction of the angular momentum and spin of the emitted electron. The
sum of spin quantum number s and angular momentum number / is the total angular
momentum quantum number J 1’331 [ adopts values according to the principal quantum
number n as [ = n — 1 and s is £1/2. Therefore J adopts values depending on s and /
as J = |l £ 5| = 1/2,3/2,5/2, etc. As a result of coupling between the spin and angular
momentum, the binding energy is slightly shifted for different electrons from the same
shell. Intensity ratio of the doublet peaks is dependent on the degeneracy 2 J + 1 of the
specific orbital. The spin-orbit splitting is also element specific and can be utilised for

qualitative analysis of the contained elements.

Further final-state effects are so-called satellites, which occur due to the change in ef-
fective nuclear charge after emission of an electron.!®’! This change can excite electrons
into higher shells, leading to a Shake-up effect. If the excited electron is emitted from
the atom, the energy required to emit the second electron diminishes the kinetic energy
of the primary photoelectron and results in a Shake-off effect. Normally these satellites
occur in the spectrum with low intensity but can become significant in some transition

metals, such as iron or cobalt.
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Qualitative and Quantitative Analysis in XPS

A qualitative analysis about the surface’s elemental content of a sample is possible, due
to the element specific Ep. Signals can be attributed to certain elements with small Ep
variations, due to different chemical states of the elements. At least two signals have
to be identifiable and attributable to be able to unambiguously determine, whether an
element is contained.!”®*°! The variations in an elements Ep due to different chemical
states is also called chemical shift, which is usually a few electronvolts. This shift is
caused by inductive effects in the atom, in which electron density rises or falls around
an atom, hence changing the binding energy to its electrons. Due to the chemical shift,
one is able to make precise predictions about the specific chemical state of elements.

XP spectra can also yield data for quantitative analysis, in which a high resolution spec-
trum of an element is fitted utilizing algorithms in conjunction with literature results.>%>!
After removal of the spectrum background, the intensity /; of the signal is described in

a simplified approach by equation 2.6.58!
Il' = LiCiO'l'Kk(E)i (26)

Here, L; is the photon stream, ¢; is the concentration of the element, o; is the photo
ionization area or Scofield factor, K is an instrument specific constant and A(E); is
the electron attenuation length. This so-called first principle approach omits sensitivity
factors S, which are required by a highly detailed quantitative analysis. Assuming a
constant X-ray stream and a homogeneous surface, atomic ratios can be determined

using equation 2.7.
1i/S;

> 1i/S;

at.%; = - 100% 2.7

2.4.2 Transmission Electron Microscopy

With the TEM an electron beam can be utilised to observe the electron scattering be-
haviour of thin samples (< 1 wm) to image them.!®'=%3 Electrons are accelerated in an
electric field and propagate through the sample, with almost no absorption processes.!®’!
While transmitting the sample, electrons get scattered by Coulomb interactions at atomic
nuclei and electrons in an elastic and inelastic way, respectively.[®!%] When elastically

scattered the electron loses only a very low amount of kinetic energy (< 0.2 %) in the
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process. However, energy transferred to the nucleus could, with high-energy electrons,
lead to displacement damage.[®*! The scattering at electrons leads to a higher kinetic
energy loss of the primary electron compared to the elastic scattering at nuclei. Trans-
mitted electrons pass through the objective lens, while scattered electrons are blocked,
resulting in a discrimination between scattered and unscattered electrons. For the detec-
tion of transmitted electrons, a phosphor screen is used, which emits photons under the
impact of electrons.[®* Unscattered electrons, therefore appear white in the bright-field
mode with highly scattering areas of the sample being darker. The scattering probabil-
ity is also dependent on the atomic number, meaning heavier elements scatter more and
appear darker in the resulting image. This also means, that the specimen thickness has
to be lower for samples with heavier elements to achieve a sufficient transmittance and
image quality.

Resolution of a TEM image is dependent on the kinetic energy of the electron beam, due
to the wave-particle dualism resulting to a shorter wave-length with rising momentum.!6!!
The theoretical resolution of the TEM is given approximately by A/2. Increasing the ac-
celeration voltage a the resolution can shrink into pm regime, allowing for atomic scale
microscopy.!%! Using high-resolution TEM (HR-TEM) it is possible to resolve the lat-
tice structure of crystalline materials because of electron diffraction on nuclei analogous

to traditional X-ray diffraction.

2.4.3 Energy Dispersive X-ray Spectroscopy

EDS is often used in conjunction with electron microscopy, as an electron beam is used

for excitation.[61-63

The impact of electrons on inner-shell electrons leads to the excita-
tion of said electron and subsequent relaxation under X-ray emission with an element
specific wave-length.[02%3] This technique can therefore be used for elemental analysis
on the sample. In the line scan method, the X-ray emission is recorded point by point and
allows a spatial distinction of elements resulting in an elemental mapping throughout the
sample.?! One has to keep in mind, that peaks of different elements can overlap, due to
the multitude of possible X-ray transitions, especially in heavier elements. As a result
of reabsorption of emitted X-rays in the sample, photoelectrons, Auger-electrons or dif-
ferent X-rays can be emitted, which perturb the measurement and need to be accounted

for.[!! Furthermore, Bremsstrahlung can be seen in the background of the spectra, which

results from electrons passing by nuclei and slowing down, due to attractive Coulomb
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forces, whereby X-rays are emitted.!®%%%!

2.4.4 X-ray Diffraction

The structural investigation using XRD was proposed more than 100 years ago and re-
mains a staple in crystallography.%%¥ It was discovered, that X-rays diffract on crys-
talline lattices, due to their wavelength being similar to atomic plane distances. The basis
for modern XRD is Bragg’s law, which states that two parallel incident beams on two
lattice planes have two different path-lengths depending on the glancing angle 6 (figure
2.11.a).15661.64] Interference occurs between the two beams, but is only constructively, if
the path-length difference A is an integer multiple of their wavelengths. Therefore the
lattice separation can be calculated using a glancing angle at which constructive inter-

ference occurs (equation 2.8).156:64
X = 2dsin(®) 2.8)

Here, A is the wavelength and d is the lattice separation. XRD can be used for non-
destructive structure investigations of single crystals as well as crystalline powders. In

powders, the crystalline domains occur in different orientations to each other.

a) b)

X-ray source Detector

Figure 2.11: Schematic view of a) XRD on lattices with indicated lattice separation and
glancing angle according to Bragg’s law and b) Bragg-Bretano arrange-
ment.

For powder investigations one possible arrangement is the Bragg-Bretano geometry, in
which the X-ray source and detector are positioned around a flat sample and are ro-

tated vertically to vary the glancing angle (figure 2.11.b.).1! The sample can be rotated
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around its axis to average the signal over differently oriented crystalline domains. In the
analysis of Me-N-C catalysts this technique can be used to determine the presence of
crystalline metal domains inside the powder using the Bragg-Bretano arrangement. Dif-
ferent chemical constitution of these metals can be identified, such as oxides or metallic

phases.[%]
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3.1 Synthesis of Mono- and Bimetallic Fe/Co-N-C

Electrocatalysts

Preceding catalyst synthesis the carbon support material was oxidised according to the
procedure from Schmies et al.*é! As carbon support a carbon black Black Pearls 2000
(2.0 g, Cabot, Boston, MA, United States of America) was dispersed in concentrated
HNO; (200 mL, 65%, Carl Roth, Karlsruhe, Germany) in a round botton flask with at-
tached reflux condenser and held at 90 °C for 5 h. The product was subsequently washed
with water (Milli-Q, 18.5 M cm™') until neutral pH and dried under reduced pressure
at 30 °C overnight.

The catalyst synthesis was adapted from Chung et al. and optimised in previous PhD
work in terms of experimental conditions and weight ratios.[**! The oxidised Black Pearls
(BPox, 105.0 mg, 19 wt.%) were impregnated with cyanamide (443.0 mg, 80 wt.%,
Sigma-Aldrich, St. Louis, MO, United States of America) and metal salts iron ac-
etate FeAc, (Sigma-Aldrich) and/or cobalt acetate CoAc, (Sigma-Aldrich) dissolved in
ethanol (4.0 ml, Fisher Scientific, Pittsburgh, PA, United States of America). The metal
weight ratios were varied according to table 3.1 to a total of 1 wt.% (0.1 mmol) metal
ion. The mixture was kept in an ultrasonic bath until complete evaporation of the ethanol
and afterwards dried under reduced pressure at 30 °C overnight. The impregnated carbon
support was ground in a mortar to a fine powder, followed by a first heat treatment in an
RHTC 80-230/15 tube furnace (Nabertherm, Lilienthal, Germany). The heat treatment
consisted of heating to 900 °C with 5.0 °C min™! under N;-atmosphere and holding for
1 h with subsequent cooling to room temperature. Afterwards, the product was added to
2 M H,SO, (30.0 ml, Carl Roth) in a round bottom flask with attached reflux condenser
and held at 90 °C for 16 h. The acid was removed by filtration and multiple washes
with ultrapure water until pH-neutral and then dried under reduced pressure at 30 °C
overnight. Finally, a second heat treatment in the tube furnace was carried out analogous

to the first.
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Table 3.1: Metal ion ratios indicated in wt.% of the total synthesis weight.

Synthesis Fe-N-C FeCo-N-C (3:1) FeCo-N-C (5:3)
Fe’* 1 0.75 0.63
Co* 0 0.25 0.37
Synthesis FeCo-N-C (1:1) FeCo-N-C (1:3) Co-N-C
Fe?* 0.5 0.25 0
Co™ 0.5 0.75 1

3.2 Electrochemical Characterisation with RRDE

3.2.1 Electrochemical Setup

Prior to usage the electrochemical glass setup including the cell was thoroughly cleaned
by submerging in concentrated H,SO4 mixed with a small amount of H,O, producing so-
called piranha solution. After 24 h the glasware was rinsed multiple times with ultrapure
water and stored in it until utilisation. A reversible hydrogen electrode (RHE) was used
in the setup and calibrated before use. Calibration was carried out in a three-electrode
setup with a platinum disk working electrode and platinum wire counter electrode in
0.1 M HCI1O, electrolyte (Merck, Darmstadt, Germany). The Pt-working electrode was
electrochemically cleaned with CV according to the protocol in table 3.2 without rotation
of the electrode in nitrogen saturated electrolyte. Afterwards, the RHE was calibrated
at 1600 rpm starting with an open circuit potential (OCP) measurement in hydrogen

saturated electrolyte.

Table 3.2: RHE reference electrode calibration protocol.

Technique Scans Potential Range vs. Scan Rate [mV/s]
RHE [V]
Cv 3 0.05-1.2 20
(Y 200 0.05-1.2 500
Cv 3 0.05-1.2 20

OCP measurement (15 min)

Cv 5 OCP =+ 0.005 1
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The AFE7R9GCPT RRDE working electrodes (Pine Research Instrumentation, Durham,
NC, United States of America) used for catalyst characterisation consisted of a 0.2475 cm?
glassy carbon disk and 37 % collection efficiency platinum ring embedded in a polyte-
trafluoroethylene (PTFE) shroud. The used setup is displayed in figure 3.1. Prior to
catalyst coating, the electrodes were polished to ensure an even and clean surface. Pol-
ishing was carried out with 1.0 pm and 0.05 pm aluminium oxide abrasion suspension
MicroPolish 40-10081 (BUEHLER, Lake Bluff, IL, United States of America) sequen-
tially for 5 min each. Afterwards, the electrodes were ultrasonicated, first in isopropanol
(Fisher Scientific) and then in ultrapure water for 10 min each.

The catalyst ink was prepared by ultrasonicating catalyst powder (3.0 mg), ultrapure wa-
ter (280.8 wL) and isopropanol (63.0 L) for 15 min and subsequent addition of Nafion
(5.0 wt.%, 38.1 wL, Sigma-Aldrich) and for ultrasonication for 30 min. As prepared
ink (12.4 pL) was deposited on to the cleaned glassy carbon disk, briefly pre-dried at
60 °C for 5 min and completely dried at room temperature in ambient air. Afterwards,

the electrodes were covered with a droplet of water to store over-night.

Figure 3.1: Photograph of the electrochemical setup used.
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3.2.2 Measurement Techniques

All electrochemical measurements were carried out in 0.1 M HCIO,, which was satu-
rated with either oxygen or nitrogen gas for 15 min prior. During measurements the
respective gas was flowing over the electrolyte surface. For potentiostatic control a PG-
STATI28N (Metrohm Autolab, Utrecht, Netherlands) was used and handled by Nova 2.1

(Metrohm Autolab) software.

CV ORR Ol CV Capacitance
0.05-1.05 V background 0.05-1.05V (}E 31 % (CV)
5 mV/s DEE=L U5 50 mV/s : 02:04V
50 mV/s
: AST
oxygen saturated nitrogen saturated 5000 cycles
1600 rpm no rotation 1.0-1.5V,
: 500 mV/s
ORR
CV ORR CV Capacitance
0.05-1.05 V b(f‘gl;%rg?%d 0.05-1.05 V EIS (CV)
.05-1. 03V
5 mV/s 50 mV/s 0204V
50 mV/s

Figure 3.2: Flow sheet of the electrochemical characterisation procedure including po-
tential ranges and scan rates, as well as indicated rotation speed and elec-
trolyte gas saturation: oxygen (blue), nitrogen (orange).!'*!

The electrochemical characterisation of catalysts was adapted from Martinaiou et al.!'’!
and carried out according to figure 3.2, namely initial characterisation, an accelerated
stress test to induce degradation and another characterisation to evaluate the changes in
performance. CVs were recorded in oxygen saturated electrolyte and a rotation rate of
1600 rpm. Three CV scans were recorded between 0.05 and 1.05 V with a scan rate of
50 mV s! and the last two scans were averaged for evaluation. The ring electrode was
held at a potential of 1.2 V vs. RHE. Further measurements of the initial characterisation
were carried out in nitrogen saturated electrolyte without electrode rotation. In order to
correct the ORR curves for capacitive currents, the same ORR protocol was carried out
again without oxygen present in the electrolyte. Afterwards, three CV scans were carried
out between 0.05 and 1.05 V with a scan rate of 50 mV s!. Internal resistance (iR)
correction, mainly attributed to ionic resistance in the electrolyte, was achieved through
measurement of EIS at 0.3 V with an amplitude of 10 mV and a frequency range from

100 kHz to 0.1 Hz.1°¢"] Finally, a capacitance analysis was done with CVs at different
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scan rates between 0.02 and 0.16 V s7' in 0.02 V s™! steps, in a potential window from
0.2 to 0.4 V. Stability of the catalyst was investigated by an accelerated stress test in
a potential range from 1.0 to 1.5 V and a scan rate of 500 mV s’ for 5000 cycles.[!368!
After the stress test, analogous characterisations to initial measurements were performed

with the ORR curve last, to avoid switching gas saturation multiple times over.

3.2.3 Data Evaluation of Electrochemical Measurements

Electrochemical data of the examined catalysts were analysed and parameters calculated
with custom-made analysis software, coded in Python 3. Background correction of the
ORR curve was achieved through subtraction of the ORR data recorded under oxygen
with the data under nitrogen, since potential ranges and scan rates are identical. For
iR-drop correction, the ohmic resistance was extracted from impedance spectra at the
zero point of the real part Z” of the impedance and the corrected potential calculated
671

according to equation 3.1.!

Ucorr =1 - Romm (3.1

The onset potential of the ORR curve was extracted by normalising the data and re-
turning the first point that reaches 2 % of the maximum current density. Moreover, the
maximum value of the first derivative of polarisation data yielded the halfwave potential
as this is the inflection point of the curve. Electrochemical mass activity is defined as
kinetic current density j;, in regard to catalyst mass and can be calculated with the
limiting current density j;;, as the maximum negative current density value and current
density at a fixed potential j,,,, in this thesis 0.75 V. Peroxide yield Xy,0, and electron
transfer number z required the ring current recorded in RRDE experiments as well as the
disk current. For both, the average ring and disk current density between 0.1 and 0.7 V
was determined and inserted in equations 3.2 and 2.4.
4jp

=T (3.2)
Jp + jr/N

Tafel analysis was performed according to the rearranged Tafel equation 3.3 for low
overpotentials with the corresponding Tafel plot of log(jk;») versus 1. An exemplary
Tafel plot is shown in Figure 3.3, in which the linear area in the low overpotential region
of the curve is extrapolated and the slope and y-intercept calculated. The slope is in

the form of —(1 — «)zF/2.3RT for reduction reactions, where o can be calculated by
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inserting the constants R, F' and the known temperature 7. The y-intercept in this plot

is log(jo), which can be extracted through exponentiation to base 10.

(1—a)zF .

33
23RT (33)

log(Jjkin) = log(jo) —

Here, j, is the exchange current density, « is the dimensionless charge transfer coef-
ficient, R is the universal gas constant, 7" is the temperature and 7 is the activation

overpotential.

log(j,))

log(Current Density)

Overpotential 0

Figure 3.3: Schematic Tafel plot of a reduction reaction with indicated slope and
y-intercept.

3.3 Microscopy

TEM

For TEM measurements, catalyst powder (2.0 mg) was dispersed in isopropanol (3.0 mL)
and briefly ultrasonicated. The resulting suspension was dropped (3.0 wL) on Polioform
(polyvinyl butyral)-coated copper meshes (Plano GmbH, Wetzlar, Germany) and dried in
ambient air. To check whether the polymer film was damaged and if sufficiently thin par-
ticles are present, the samples were reviewed with a EM902A TEM (Zeiss, Oberkochen,
Germany) at Universitidt Oldenburg with 80 kV acceleration voltage. Afterwards the
samples were introduced to the HR-TEM a JEM-2100F (Jeol, Akishima, Japan). This

device operates with a ZrO/W(100) Schottky field emission electron source and accel-
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erating voltages of 80 — 200 kV. The measurements were conducted in the electron mi-
croscopy facility of the Carl-von-Ossietzky University of Oldenburg with Dr. Erhard
Rhiel.

3.4 Spectroscopy

XPS

XPS measurements were carried out using an ESCALAB 250Xi (Thermo Scientific Fisher,
Waltham, MA, United States of America) at the Carl-von-Ossietzky University of Olden-
burg in conjunction with the Avantage software (Thermo Scientific Fisher). X-rays have
been produced with a 1486.6 eV aluminium K, source and subsequentially monochro-
mated with a ray diameter of 500 um. The samples were compacted in an aluminium
sample holder to avoid contamination of the device. Samples were hold in a prepara-
tion chamber until the pressure reached 108—10"7 mbar and then brought in the analy-
sis chamber. Measurements were performed at a pressure lower than 10 mbar and a
charge compensation was introduced using an electron flood gun. This was necessary,
due to electrical charges building up in the sample during the emission of electrons. For
each sample a survey spectrum and high resolution spectra of elements of interest were
recorded until no change in values occurred any more. The measurement parameter
are listed in table 3.3. High resolution spectra were recorded for Cls, Ols, Nls, Fe2p
and Co2p. Quantitative analysis of the high resolution spectra was performed using the
Avantage software, in which the background and peaks were fitted according to literature

parameters.

Table 3.3: XPS measurement parameters for survey and high resolution spectra.

parameter Survey High-Resolution
Pass Energy [eV] 10.0 20.0
Dwell Time [ms] 50 50
Step Size [eV] 1 0.02
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3.5 DIFFRACTION

EDS

EDS was used in conjunction with HR-TEM using a Oxford INCA TEM250 with X-
Max80 SDD-detector (Oxford Instruments, Abingdon, United Kingdom) of 80 mm?
area. Particles were previously identified in TEM mode and then measured through
an elemental mapping over the particles. Data analysis and visualisation was done in

INCA analysis software (Oxford Instruments).

3.5 Diffraction

XRD

For XRD sample preparation, about 10 mg of sample was dispersed in 100 pwL iso-
propanol under short ultrasonication. 60 L of the resulting ink was spread on an amor-
phous silicon disk and dried in air until the alcohol evaporated. Afterwards, samples
were introduced into an EMPYREAN X-ray diffractometer (PANalytical, Kassel, Ger-
many) with an Bragg-Bretano powder diffraction arrangement and irradiated with K,
X-rays from an copper-anode under 40 kV and 40 mA. Diffractograms were recorded
in 5-90 ° 20 region with Julia Hiilstede at Universitdt Oldenburg and data was analysed

using HighScore Plus software (PANalytical).

Figure 3.4: Photograph of the EMPYREAN X-ray diffractometer.
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4 Results and Discussion

Hereinafter, observations and experimental data will be evaluated and discussed. First,
observations during the synthesis of the catalysts will be examined, followed by an in-
depth analysis of the morphology and chemical composition. Afterwards, the electro-
chemical data will be evaluated and differences in electrochemical and behaviour com-
pared. Finally, the morphology and chemical composition will be associated with the

electrochemical properties and possible synergistic effects of the metal ratio assessed.

4.1 Catalyst Weight Changes During Synthesis

For a systematic investigation of the influence of the Fe/Co ratio on the physical and
electrochemical properties of Me-N-C catalysts, five different Me-N-C catalysts with
differing Fe/Co ratios were synthesised according to the same synthesis route and exper-
imental conditions. The metal ratios differed each by 0.25 wt.%, providing a reasonable
resolution of differing catalyst properties. In the analysis of the electrochemical charac-
terisation, discussed in later sections, property differences became apparent, demanding
another catalyst between 0.75 and 0.5 wt.% Fe. Therefore, a 0.63 wt.% Fe catalyst was
synthesised, resulting in a total of six Me-N-C catalysts to be compared.

During the synthesis, no differences between the appearance of samples were observed.
Only a slightly lower dispersibility in ethanol or isopropanol with rising Co content in
the final catalyst was observed. The weight change of the samples during synthesis can
give indications to processes during the heat treatment and acid washing steps. Figure
4.1 shows the percentage weight loss of the sample with each synthesis step. During
the first pyrolysis, the sample weight decreased by about 80 wt.%. Tian et al. proposed
the first heat treatment decomposes most of the cyanamide, doping the carbon matrix
with the released nitrogen and forming ORR active species./® Thus most of the mass
of the cyanamide will be gone from the sample. In-fact, the amount of weight change
during the first heat treatment correlates with 80 wt.% cyanamide used in the synthesis.
Besides the decomposition of cyanamide and incorporation of nitrogen into the carbon
matrix, oxygen functionalities in the carbon support get decomposed and released as CO
and CO,; but to a lesser extent compared to the cyanamide, only about 5 wt.% accord-

ing to Tian et al.[®! The weight change during the subsequent acid leaching step varies
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4.1 CATALYST WEIGHT CHANGES DURING SYNTHESIS
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Figure 4.1: Subsequent weight loss percentage after each synthesis step.

across all samples between a loss of 10 wt.% and a gain up to 10 wt.%, compared to
the once heat treated catalyst. The acid leaching removes metal particles but can also
adsorb species on the catalyst and thus may explain the weight changes, due to different
amounts of additional species adsorbing and formed particles being removed.!®' It was
also reported that metal particles can be enveloped in a carbon shell, rendering them
resistant to acid dissolution; therefore, contributing to an uneven weight loss between
samples, as different amounts of these shell-core like structures may be formed.!!®! After
the second pyrolysis, all samples lost weight in differing amounts, but the overall weight
loss of acid leaching and second pyrolysis remains similar across all samples at around
15-20 wt.%. This suggests, the weight increase after the acid leaching is due to adsorbed
species, for example sulfates, which get removed during the second heat treatment along
with residual cyanamide and strongly oxidised carbon in the support.[®! Sample losses
could also be introduced during experimental work up in the filtration of catalyst-acid
dispersion and subsequent drying. Ultimately, there seems to be no causality between the
weight loss during synthesis steps and metal ratio, as all samples experience about the
same weight decreases stemming from a plethora of fluctuations during harsh synthesis

conditions and experimental challenges.
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4 Results and Discussion

4.2 Physical Characterisation of Mono- and Bimetallic

Me-N-C

The six synthesised catalysts will be characterised and evaluated regarding their mor-
phology, surface elemental and functional group composition. Additionally, the presence

of undesirable metal particles will be assessed.

The crystalline domains of the unwanted particles can be detected by XRD. Diffrac-
tograms for all synthesised catalysts and the oxidised Black Pearls support are shown
in figure 4.2. In all catalyst samples, amorphous peaks are visible at 26 values of 25 °,
43 ° and 83 °, which are also present in the neat Black Pearls reference material. At
a 20 value of 26 °, another peak, though fairly small, may be present. It is visible for
FeCo-N-C (3:1), FeCo-N-C (5:3) and FeCo-N-C (1:3) but is barely recognisable in the
other catalysts. This peak may be attributed to graphitic carbon as reported by Li et al.l""!

and Carmo et al.””! in similar carbon materials.'>!

—Fe-N-C —FeCo-N-C (3:1)
—FeCo-N-C (5:3) = FeCo-N-C (1:1)
\ FeCo-N-C (1:3) — Co-N-C
\ _BPOX
[ —
E \~\
§ [ —
A=
\N\
L e e B I E A B B B B B B

L) I I L)
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Glancing Angle [°2 0]

Figure 4.2: XRD of synthesised catalysts with indicated Black Pearls reference peaks.
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4.2 PHYSICAL CHARACTERISATION OF MONO- AND BIMETALLIC ME-N-C

Alternatively, MeC; could cause a peak at this glancing angle but further peaks, which
would be at a 26 value of 43 °, are not distinguishable from the reference peak at this

[72-74

angle. I Overall the diffractogram is as expected for Me-N-C catalysts and no strong

indication of a high metal particle presence can be seen.!!?!

Morphological studies, using HR-TEM with EDS, were carried out to asses the structure
of carbon particles and their elemental composition. Representative for all bimetallic
catalysts, a HR-TEM micrograph and its EDS mapping of FeCo-N-C (5:3) are presented

in figure 4.3 and all remaining micrographs and EDS mappings in appendix figure 7.3.

Figure 4.3: a) HR-TEM, b) Fe EDS mapping and c¢) Co EDS mapping micrographs of
the FeCo-N-C (5:3) catalyst.

White spots are visible in spots where no carbon particle is present, which stem from
background X-ray radiation such as Bremsstrahlung. However, an atomic distribution of
metal correlating with the carbon particle can be seen for Fe and Co as individual white
dots in the EDS mapping. As reported by Chung et al., this can indicate a distribution
of Me—N, sites across the whole carbon structure and thus facilitates ORR activity.!'!!
However, an agglomeration of both elements is visible, hinting at metal particles. Inter-
estingly, Fe and Co agglomerate in the same locations, coinciding with deep dark spots in
the TEM micrograph. These agglomerations occur in all catalyst samples with no clear
indication of differing populations depending on metal ratios. No presence of metal par-
ticles could be observed in XRD, as seen previously, which indicates a fairly low amount
of particles. The amount is still fairly small compared to other catalysts in the literature
with similar synthesis strategies.!'”-”> The heat treatment of Me-N-C catalysts may lead
to the formation of metal particles.!'>”3! It seems the creation of particles is not fully

avoidable but also pose no significant drawback as long as the amount remains minimal.
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4 Results and Discussion

Figure 4.4: HR-TEM micrographs of a) FeCo-N-C (5:3), b) FeCo-N-C (5:3) and c)
metal particle enveloped by carbon in FeCo-N-C (3:1).

A HR-TEM micrograph of a particle can be seen in figure 4.4b. The metal particles are
apparently resistant to dissolution during the acid leaching step in the synthesis. It was
reported that these metal particles are enveloped by a carbon shell preserving them.!'64!
The darker part represents the metal in comparison to the lighter carbon surrounding it.
A few nanometer thick shell of carbon is visible on the lower side of the particle with vis-
ible layers corresponding to the graphitic morphology. Carbon enveloped metal particles
may be more resistant to dissolution but long-term stability is not guaranteed as carbon
corrosion can open the carbon shell and expose the metal particle to the acidic media.
Furthermore, metal particles in the form of carbides may also be ORR active.[!34372!
Consequently, the stability of Me-N-C catalysts with metal particles present may be rel-
atively lower, due to the dissolution of active carbide species in long-term application.
The carbon support shows a morphology typical of the Black Pearls carbon black used
during synthesis (figure 4.4b).I7!! It consists of electronically conducting turbostratic car-
bon layers, resembling pearls, in a densely packed network. The structure of the carbon
support seems to be uniform across all synthesised catalysts, undergoing overall the same
processes during the synthesis.

XPS gives an indication of the chemical nature of the elements in the catalyst’s surface. It
can give a hint to the chemical composition of the metal species as to whether they occur
ionic or as metal particles. As depicted in figure 4.5, the Fe2p signal has a fairly high
signal-to-noise ratio, limiting an in-depth analysis and spectrum fitting. Nonetheless, it
seems evident that the Fe signal appears only at Ep values over 710 eV and Co signal

over 778 eV suggesting an oxidised state, thus precluding elemental Fe presence.!'”!
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4.2 PHYSICAL CHARACTERISATION OF MONO- AND BIMETALLIC ME-N-C

Additionally, elemental Fe and Co XRD peaks do not coincide with observed peaks and

thus are not visible in the diffractogram.!!”-7677]

—Fe-N-C —FeCo-N-C (3:1)
—FeCo-N-C (5:3) —FeCo-N-C (1:1)
FeCo-N-C (1:3) —Co-N-C
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Figure 4.5: Fe2p (left) and Co2p (right) high resolution XP spectra of all Me-N-C cata-
lysts.

The elemental composition of the catalysts was determined by XPS and EDS analysis,
presented in table 4.1. Values for EDS differ from XPS, because EDS is very reliant on
the composition of the specific particle analysed. Even though XPS is surface sensitive,
it analyses a larger area of catalyst material and is, thus more reliable in terms of ele-
mental composition. With both techniques quantification of metal content was difficult,
as the signal-to-noise ratio of XP-spectra was too high to fit the spectra and in the case
of EDS, the limit of determination was hit. However, it can be estimated that the total
metal amount is below 0.2 at.%. Even after nitrogen doping, the majority of the cata-
lyst consists of carbon, with single-digit amounts of nitrogen and oxygen. The carbon
fraction increases after the synthesis as oxygen groups decompose but has comparable
values across all catalysts. There seems to be no strong correlation between the total

nitrogen content and Fe/Co ratio used in the synthesis, according to the XPS analysis.
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4 Results and Discussion

Table 4.1: Elemental analysis in at.% by XPS and EDS.

Carbon Nitrogen Oxygen
Catalyst XPS EDS XPS EDS XPS EDS
Fe 92.9 95.1 3.6 29 3.5 1.9
FeCo(3:1) 934 94.3 3.7 3.8 29 1.8
FeCo(5:3) 94.0 95.7 4.0 2.6 2.0 1.6
FeCo(l:1)  92.8 97.2 3.8 1.2 3.5 0.9
FeCo(1:3)  93.7 90.2 3.7 4.1 2.6 5.6
Co 93.6 93.1 4.3 3.2 2.1 3.6
BPx 85.2 - 0.5 - 14.3 -

However, the total nitrogen content, bound as N-Me and N-C species, in each sample
is around 3.6—4.3 at.%, which is in agreement with similar catalysts reported in the
literature.[*¥4! The high-resolution O1s XP-spectra can be seen in appendix figure 7.2.
The carbon structures in the catalyst consist mainly of graphitic structures, as shown in
Cls XP spectra exemplary for Fe-N-C and Co-N-C in comparison to BP, as reference
material (figure 4.6). The remaining Cls XP spectra are displayed in appendix figure
7.1. This morphology was already observed in TEM micrographs, showing a turbostratic

carbon network. About 75.9-82.5 % of the carbon species are graphitic with 4.8-9.9 %

m-bound carbon and 5.0-7.8 % o-bound carbon.

a) s b) : c)
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__—mbound C_ ‘;’ | '
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Figure 4.6: Cl1s high resolution XP spectra of a) Fe-N-C, b) Co-N-C and c) BP.
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4.2 PHYSICAL CHARACTERISATION OF MONO- AND BIMETALLIC ME-N-C

Additionally, a wt-wt*-satellite is visible around 290 eV with a high FWHM up to 5 eV,
which is caused by m-bonding in the carbon lattice.[”! At 283 eV is an artifact noticeable
that is caused by the sample holder. In the BP,, reference sample is a relatively high
carboxyl peak at 298 eV visible, which shrinks substantially compared to the catalyst

samples, suggesting these groups get decomposed during the heat treatment.

Nitrogen functionalities are of high importance concerning the structure-property re-
lationship in Me-N-C catalysts. It is suggested, metal ions have different structure-
directing effects, especially in regard to nitrogen.!'>!”l High-resolution N1s XP spectra
of all six catalysts are displayed in figure 4.7 and the analysis and assignment of these,

presented in table 4.2.
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Figure 4.7: N1s high resolution XP spectra of a) Fe-N-C, b) FeCo-N-C (3:1), c) FeCo-
N-C (5:3), d) FeCo-N-C (1:1), e) FeCo-N-C (1:3) and f) Co-N-C.
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The signal assignment was done according to practice in literature, despite no definite
consensus on each signal.['®134849 The fit parameters were kept constant throughout all
samples to achieve comparability and can be seen in appendix table 7.1. A decreasing
Fe/Co ratio correlates with an increase in Nx-Me fraction, indicating a higher number of
nitrogen coordinated to the metal. This may be due to a higher Ny-Me density, which
was reported to be the case for Co-N-C catalyst compared to Fe-N-C by Peng et al.!'”!
Conversely, a higher Ny-Me fraction may be caused by different coordination numbers
of Co and Fe. Fe is known to be complexed by up to four nitrogen in Fe—N,, Fe—Nj
or Fe—N, forms; however, Co was mainly reported to be coordinated fourfold and even
sixfold by nitrogen.!'*!154244] Thus, a higher amount of N,-Me bonds, may not be a
direct proxy for more metal sites. Other nitrogen functionalities do not seem to correlate
with the Fe/Co ratio at first glance; however, their property inducing effects are mainly
attributed to electrochemical behavior discussed in chapter 4.3.

Table 4.2: Near-surface nitrogen functionalities in % of total nitrogen in sample, deter-
mined by XPS analysis.

Catalyst Pyridinic Ni-Me Pyrrolic Graphitic
Fe 46.9 23.5 21.8 7.8
FeCo(3:1) 46.1 229 26.5 7.5
FeCo(5:3) 48.6 24.0 33.8 59
FeCo(1:1) 48.0 23.2 28.5 5.6
FeCo(1:3) 47.5 254 20.9 8.9
Co 49.2 26.3 36.3 8.4
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4.3 Electrochemical Activity, Selectivity and Stability of
Mono- and Bimetallic Me-N-C

In the following chapter the electrochemical properties of synthesised Me-N-C catalysts
will be evaluated and discussed. ORR curves and calculated parameters like activities
and selectivities and the changes thereof after the AST will be assessed.

Electrochemical characterisation of the six Me-N-C catalysts was carried out in two
stages. First, an initial characterisation to determine the impact of different metal ratios
in the ORR performance and electrochemical properties was performed, and then a sec-
ond characterisation after an AST was carried out to evaluate the stability of the catalyst.
During the initial characterisation all catalysts showed a lack in reproducibility because
the recorded data for each catalyst partly varied substantially. However, acknowledging
the data variances, the electrochemical characterisation was carried out three times per
catalyst and the data averaged and presented with its standard deviation, which is often

reported in literature.[”!

4.3.1 Initial Catalyst Characterisation

ORR curves for each catalyst during the initial characterisation with indicated error bars
and in relation to a Pt/C Hispec 4000 reference catalyst are shown in figure 4.8. All
synthesised catalysts show lower current densities than the Pt/C reference catalyst, with
the exception of Fe-N-C, which reaches similar current densities at very low poten-
tials below 0.15 V. Considering the onset potential, all curves could be divided into two
groups, those with a Fe content of more than 50 % (> 0.81 V) and less (< 0.80 V). As
expected the pure Fe catalyst shows the highest current densities throughout the poten-
tial range with the highest onset potential as well as a substantially higher mixed limited
and diffusion-limited current densities. The data variation was also fairly small com-
pared to other catalysts. A linear trend between a decrease in current densities and
decreasing content could however not be observed. Even though the error bars for
FeCo-N-C (3:1) FeCo-N-C (5:3) are large enough to cover the average curve of each
other, FeCo-N-C (5:3) shows higher current densities in the mixed limited area between
ca. 0.65 and 0.75 V. In the diffusion-limited area, both catalysts show similar current

densities.
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Figure 4.8: ORR curves of synthesised catalyst during the initial characterisation with

commercial Pt/C Hispec 4000 reference catalyst at a Pt loading of 20 pg

cm™2.

Differences in the diffusion-limited area can be due to small deviations in the catalyst
ink application, as pore networks differ and electrolyte mass transport is hindered. Ad-
ditionally, a lower 4~ ORR selectivity and a higher resulting peroxide production could
lower the diffusion-limited current density.!'*8%! Despite a higher presumed kinetic activ-
ity, a lower selectivity could result in similar current densities in this area at the level of
FeCo-N-C (3:1), which can be observed. The two catalysts with the lowest current densi-
ties in the mixed limited area are FeCo-N-C (1:1) and FeCo-N-C (1:3) with Co-N-C ac-
tually showing higher current densities than those two. This would suggest high amounts
of Co in bimetallic FeCo-N-C catalysts lead to lower current densities compared to pure
Co catalysts. In the diffusion-limited area Co-N-C produces similar current densities to
FeCo-N-C (1:1), indicating again, a different ink morphology or a lower 4~ ORR se-
lectivity comparable to the differences between FeCo-N-C (3:1) and FeCo-N-C (5:3).
FeCo-N-C (1:3) shows the lowest current densities for both limited areas, suggesting the
lowest kinetic activity and simultaneously mass-transport hindrance or lower 4~ ORR

selectivity in relation to FeCo-N-C (1:1).
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The mass activity of catalysts was determined using the current density at 0.75 V and
plotted with the half-wave potential against the Fe fraction in figure 4.9. A differentiation
into two groups of catalysts in the disk ORR curves is apparent again, with a sharp

decrease in both parameters and especially mass activity, under 50 % Fe.
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Figure 4.9: Mass activity at 0.75 V (blue) and half-wave potential (red) in relation to Fe
ratio in synthesis.

The mass activity and half-wave potential follow the same trend regarding the Fe/Co
ratio with similar differences between values over 50 % Fe. Fe-N-C shows the high-
est mass activity and half-wave potential out of all catalysts, as expected. Remark-
ably, FeCo-N-C (5:3) displays a substantially higher mass activity and half-wave po-
tential than expected, almost reaching those of Fe-N-C. The non-linear trend between
FeCo-N-C (5:3), FeCo-N-C (3:1) and Fe-N-C) may be due to synergistic property com-
binations between Fe and Co. The differences between subsequent mass activity values
deviate from those of the half-wave potential at lower Fe fractions than 50 %. After a
minimum at FeCo-N-C (1:1), the half-wave potential increases more extensively than the
mass activity towards lower Fe fractions. This catalyst seems to have the lowest kinetic
activity, as seen in the ORR curves. The error bars for this catalyst are also quite small
indicating high reliability of these results. Previous work by Martinaiou et al. shows the
average value of mass activity between pure Fe and pure Co catalysts for the bimetallic

FeCo-N-C (1:1).I'3 This could not be replicated here, as FeCo-N-C (1:1) demonstrates
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lower activity and half-wave potential than its monometallic Co counterpart. Even with-
out Fe present in the synthesis Co-N-C performs better than both catalysts with less
than 50 % Fe. Additionally, comparing Co-N-C with FeCo-N-C (3:1) they show similar
half-wave potential values but a substantially lower activity for Co-N-C. This could be
due to the lower diffusion-limited current density and thus presumed lower 4e~ ORR

selectivity compared to catalysts with 50 % Fe and more.

In comparison to other Fe-N-C catalysts, the one made here is mid-range half-wave
potential-wise.!>*! It performs adequately even compared against catalysts made from
MOF structures and other synthesis methods. Moreover, bimetallic catalysts demon-
strate lower mass activity and half-wave potential values but still as high as some other

monometallic Fe-N-C catalysts in literature.!

The selectivity of the six synthesised catalysts was investigated by the evaluation of the
ring current. Recorded ring current densities for each catalyst in relation to the Pt/C
reference can be seen in figure 4.10. The current densities lower than 0.7 V, increase

with the decrease of Fe/Co ratio.
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Figure 4.10: Ring current density during ORR measurement of synthesised catalyst
during the initial characterisation with commercial Pt/C Hispec 4000 ref-
erence catalyst at a Pt loading of 20 g cm™.
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Therefore, an increase in Co content in the catalysts seems to increase the ring current
density and thus the peroxide yield. This was reported previously as Co tends to form
more H,O, compared to Fe in Me-N-C catalysts.!*>*! Interestingly, with higher Co con-
tent the curve also exhibits an intensifying maximum at different potentials. For Co-N-C
no error bars are shown, because the ring current density measurement in the charac-
terisation of Co-N-C failed in two of three measurements, questioning the reliability of
the data. Fe-N-C shows almost constant current densities below a potential of 0.6 V,
whereas Co-N-C displays a maximum around 0.5-0.6 V with a subsequent decrease by
almost half. Additionally, the ring current density of Co-N-C shows a higher potential
starting point and a steeper slope than the other catalysts indicating a higher peroxide
yield at higher potentials and a fast increase with lower potentials.

The peroxide yield and electron transfer number serve as an indication of the ORR mech-
anism selectivity. Both parameters were calculated from the ring current density in re-
lation to the disk current density and are displayed in figure 4.11. Both parameters are
calculated from the sum of the current density values below a potential of 0.75 V, which
leads to a convolution of ring ORR curve features, like the maximum in current density
for Co-N-C. It is suggested that Co leads to a higher peroxide yield and lower electron

transfer number as the 2 e~ mechanism is favoured.*?!
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Figure 4.11: Calculated peroxide yield (blue) and electron transfer number (red) in
relation to Fe ratio in synthesis.
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Fe-N-C demonstrates the lowest peroxide yield electron transfer number out of all cat-
alysts with both parameters increasing and decreasing linearly with higher Co content
up to 50 %, respectively. Co-N-C and FeCo-N-C (1:3) show similar values compared
to FeCo-N-C (1:1) for both peroxide yield and electron transfer number. The selectivity
inducing effects of Co seem to stagnate after an amount of 50 % in the sample. Values
for these parameters may be deceptive, because the formed H,O, could react inside the
carbon pore network and can not reach the ring to be reduced and recorded.’®”! This may
be problematic especially for high peroxide yield values. The increase in peroxide yield
can however be an indication to an actual increase in Co content for catalysts up to 50 %
Fe. Especially FeCo-N-C (5:3) shows a high mass activity, in spite of a lower selectivity
compared to catalysts with more Fe content. Higher peroxide yield may however be
detrimental to long-term stability, as the H,O, degrades the carbon support and subse-
quently active sites embedded in it. Additionally, H,O, created during ORR on an active
Co-N-C site can induce the Fenton reaction, which forms oxygen radicals and further
degrade the catalyst.[*>4*]

The Tafel plots for all six catalysts are shown in figure 4.12 and display similar curve

shapes for each.
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Figure 4.12: Tafel plot of all Me-N-C catalysts.

43



4.3 ELECTROCHEMICAL ACTIVITY, SELECTIVITY AND STABILITY OF MONO- AND
BIMETALLIC ME-N-C

Although shifted slightly in potential, all curves are in the same potential and current
density are with slight variations in the slope in the are above 0.75 V. This indicates
a similarity of kinetic properties throughout all of these catalysts.!'3! The Tafel slopes
range from 57-83 mV dec™! with bimetallic catalysts showing higher values (72-83 mV
dec™!) compared to monometallic ones (57-63 mV dec™!). These values are in agreement
with ones reported in literature for similar catalysts.['>*8] A lower Tafel slope of Co-N-C
compared to Fe-N-C was also observed by Peng et al., despite lower mass activity and

higher peroxide yield.!!!

4.3.2 Accelerated Stress Test Induced Catalyst Changes

The stability of Me-N-C catalysts is an important criteria, since LT-PEMFC have to op-
erate for prolonged time without a performance loss exceeding 5 % over its live span
according to the U.S. DOE.!%! The stability test carried out in this work is adapted from
the Fuel cell conference of Japan (FCCJ) and Martinaiou et al. and focuses primarily on
carbon corrosion during start-stop procedures, which induce high potentials.[!368 The
AST was performed with cyclic voltammetry in a potential window from 1.0 to 1.5 V in
5000 cycles in nitrogen saturated electrolyte. At potentials over 1.0 V, carbon is electro-
chemically oxidised in acidic media and can become unstable.’®!! Furthermore, due to
the oxidation of the carbon matrix, embedded active Me-N-C sites and nitrogen moieties
can degrade and subsequently diminish the catalysts activity.['¥! Cyclic voltammograms
of the six synthesised catalysts before and after the AST can be seen in figure 4.13. Be-
fore the AST there does not seem to be a peak present, just capacitive currents, which
depend on the surface area and thus on the morphology and homogeneity of the catalyst
ink. The amount of capacitance throughout all samples varied considerably, even within
measurements of the same catalyst. A correlation of capacitance and Fe/Co ratio could
not be established due to the heterogeneity of each sample. Additionally, no redox peak
stemming from Fe or Co are visible, these would appear at potentials of 0.75 V and
1.25 V, respectively.!*?! After the AST there is a significant peak visible across the whole
potential window. This can be assigned to quinone/hydroquinone functionalities nor-
mally occurring around 0.6-0.7 V.[82831 An increase in capacitive currents with the AST
can thus not be evaluated from CV, since the quinone/hydroquinone peak is broadened
to the whole width of the potential range. Oxidation of carbon can be detected through

CV at the redoxactive quinone/hydroquinone peak.!8%83!
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Figure 4.13: Comparison of CV before (full) and after (dashed) the AST of all six cata-
lysts.

The sharp increase of this peak indicates that the carbon was substantially oxidised.
However, this peak is not a quantitative measure for carbon oxidation, since carbon can
be fully oxidised to CO,, which leaves the structure and is no longer redox-active.

The capacity variance under different voltammetry scan rates can be a measure for the
electrochemically accessible area.!®¥ Linear sweep voltammetry is carried out in an non-
farradaic area (figure 4.14a) and the current density at a fixed potential plotted against the
sweep rate (figure 4.14b). The slope of the resulting ideally linear graph is the capacity.
Values for all catalysts except Fe-N-C, where no data was available, are presented in
table 4.3. Song et al. reported a positive relationship of capacitance and electrochem-
ically active surface area, however no clear correlation was possible between the ORR
performance and capacitance of the synthesised catalysts.[®*

The differences in capacitance could also be due to inhomogeneity of the catalyst ink.

Catalysts with up to 50 % Fe content follow the trend of higher capacity resulting in
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Figure 4.14: a) Exemplary sweep voltammetry of FeCo-N-C (5:3) forward (upper) and
backward (lower) scan at different scan rates between 0.02 and 0.14 V s°!
and b) linear fit and slope extraction of the current density at 0.35 V
against the scan rate.

higher activity, but FeCo-N-C (3:1) shows a lower capacitance than FeCo-N-C 1:3, de-
spite a substantially higher activity. All catalysts show about the same increase in ca-
pacitance after the AST with only small differences of about 3 % between the highest
and lowest increase, which however do not coincide with any other metric. The increase
in capacitance through carbon oxidation across all catalysts is about 10 %, which is not
surprising considering, all catalysts consist of about 90 % carbon. Oxidation can in-

crease the available surface area of the support through changes of the pore network,

Table 4.3: Capacitance values before and after AST with percentage increase for all
catalysts, except Fe-N-C.

Fe/Co Ratio Mass Capacity Capacity Increase [%]

Activity Before AST After AST
[mA mg'] [mF cm?] [mF cm?]

3:1 2.2 32.8 £10.5 36.1 £ 11.0 10.3

5:3 3.0 350 £ 53 38.0x£ 5.5 8.6

1:1 0.9 294 +1.9 320+ 1.7 8.6

1:3 1.0 332+ 0.0 36.9 £ 0.0 11.2

0:1 1.2 37.6 £ 1.8 41.5+2.0 10.4
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4 Results and Discussion

but an oxygenation of the surface also increases the capacitance as shown by Hsieh et
al.’®! Not only leads the oxidation of carbon to different capacities, there is also evidence
carbon basicity increases ORR activity and the surface oxidation may, thus reduce the
basicity, hence the ORR activty.!!

The catalysts ORR activity decreases during the AST, as seen in figure 4.15, but the

decrease varies with the Fe/Co ratio.
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Figure 4.15: Loss of mass activity after the AST in relation to Fe fraction in synthesis
of all synthesised catalysts (blue) and reference catalyst with a similar
synthesis from Kramm et al.!¥?! (red).

The activity loss is highest in Fe-N-C and decreases with increasing Co content. Re-
markably, the mass activity loss decreases significantly in monometallic Co-N-C in com-
parison to the visible trend. Co is suggested to enhance the stability of the resulting
catalyst, hence it is no surprise that catalyst with increasing Co content show a bet-
ter stability.[**"! The presence of Fe, even small amounts of 25 % Fe, may render the
catalyst more prone to degradation through carbon corrosion. Regarding mass activity
and half-wave potential, FeCo-N-C (5:3) showed diverging behavior from the observed
trend. In terms of mass activity loss, FeCo-N-C (5:3) shows lower than expected values.
Additionally, the error bars for this catalyst are also quite low in comparison to those
with higher Fe amounts, suggesting a persistently lower degradation character. It could

be argued that high Fe content catalysts degrade faster, due to their higher initial activity.
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The correlation of initial activity to activity loss however does not endure, because the
about 10-15 % lower activity loss for FeCo-N-C (1:1) and FeCo-N-C (1:3) compared to
Fe-N-C does not relate to the 65 % lower initial activity, for the same catalysts.

The change of onset and half-wave potentials after AST, shown in figure 4.16 attest to
the activity and stability of the catalysts. For both potentials a decrease can be observed
after AST, depending on the catalysts. Apparently, the half-wave potential decreases
more than the onset potential for all catalysts except Co-N-C. This difference could
be due to different degradation effects becoming evident at the potential areas of these
parameters. The onset potential is mainly attributed to the kinetic limited current density
area, which represents the intrinsic catalytic activity of the active sites.!>>! Lower onset
potentials could thus be evidence for a lower amount of active sites, caused by their

degradation during the AST.
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Figure 4.16: Onset and half-wave potential before (full) and after (dashed) the AST in
relation to Fe content in synthesis.

Since there are different ORR active sites present in Me-N-C catalysts, higher degra-
dation of specific sites can change their ratio and consequently changing the onset po-
tential. The onset potential change is higher for bimetallic catalysts (2.3-3.5 % loss)
compared to monometallic ones (0.8—1.9 % loss) but still quite small compared to the
mass activity loss differences between catalysts. Differences between bimetallic and

monometallic catalysts could be due to a interaction of different sites in the bimetal-
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lic catalysts. The half-wave potential change may be caused by effects predominantly
arising from mass transport phenomena, as in this mixed limited current density area
mass transport effects as well as kinetic effects transpire and the onset potential change
as an indication for kinetic differences is smaller in comparison.!'>3! Considering the
half-wave potential change, the bimetallic catalysts also show higher decrease compared
to monometallic ones with the exception of FeCo-N-C (5:3), which displays a relatively
small change. FeCo-N-C (5:3) again shows, relatively superior stability, only exceeded
by the monometallic Co-N-C. Especially in combination with the initial fairly high
half-wave potential such a small change is remarkable. The smallest change attributed
to Co-N-C, may be caused by the structure inducing effects of Co, stabilising the carbon

support and thus reducing increased mass-transport hindrance caused by degradation.!!>!

The changes in ORR selectivity considering the peroxide yield and electron transfer
number are displayed in 4.17. Evidently, the selectivity decreases across all catalysts
for both parameters with the exception of the monometallic Fe-N-C and Co-N-C cata-
lysts. These catalysts do not seem to show an increase peroxide yield after the AST and
Co-N-C even shows a decrease. The electron transfer number however shows a slight
decrease for Fe-N-C and Co-N-C seems to have improve 4 e~ ORR selectivity after the
AST. Furthermore, the loss in 4 e~ selectivity seems to increase with increasing Co con-

tent in the bimetallic catalysts, most visible in the peroxide yield.

Consequently, the peroxide yield increases the most for FeCo-N-C (1:3) to almost 60 %.
Sparse Fe—N, sites in the high Co content catalysts may degrade preferably than Co
sites; therefore, reducing the 4 e~ ORR selectivity even further. Even though the stability
in terms of mass activity, onset and half-wave potential remarkably high for FeCo-N-C (5:3),
its peroxide yield increases proportionally more with the AST. The proposed stability in-
ducing effects of Co can be seen in all catalysts in terms of lower mass activity loss, ergo
higher Co content leads to higher retention of initial mass activity. However, the catalysts
degradation behavior cannot be linearily correlated to Co content. In terms of mass activ-
ity loss, monometallic Co-N-C is substantially more prone to degradation and regarding
onset and half-wave potential even Fe-N-C shows lower potential loss than bimetallic
catalysts. Martinaiou et al. suggested that bimetallic catalysts degrade stronger than their
monometallic counterparts, however this could not have been confirmed, since there is
much more variation in relation to the Fe/Co ratio in carbon corrosion stability between

different bimetallic catalysts.[!*]
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Figure 4.17: Changes in peroxide yield and electron transfer number before (full) and
after (dashed) the AST.

Especially, the ratio of Fe/Co 5:3 seems to induce relatively much more corrosion resis-

tance, with simultaneous high activity.
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4 Results and Discussion

4.4 Influence of the Fe/Co Ratio Structural Properties in

Relation to Electrochemical Behavior

The ratio of Fe/Co used in the synthesis of Me-N-C influences their morphology and
electrochemical properties as seen in previous chapters. Hereinafter, the relationship
between the structure and chemical composition of the catalyst with electrochemical
behaviour will be evaluated.

Even though the differences in fraction of nitrogen functionalities to total nitrogen show
a marginal a correlation can be seen between the pyridinic nitrogen and mass activity

loss of the catalysts after the AST. This relationship can be seen in figure 4.18.
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Figure 4.18: Pyridinic nitrogen as fraction of total nitrogen content in relation to the
mass activity loss after the AST.

Pyridinic nitrogen is supposedly ORR active, for the reduction of H,O, to H,O and thus
coultd protect the catalyst from carbon corrosion induced by peroxides.!'3!! Peroxide
formation does however not occur substantially during the performed AST under nitro-
gen saturated electrolyte, hence a further corrosion retardation by pyridinic nitrogen is

possible under operation conditions.
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4.4 INFLUENCE OF THE FE/CO RATIO STRUCTURAL PROPERTIES IN RELATION TO
ELECTROCHEMICAL BEHAVIOR

A correlation by pyrrolic nitrogen and the peroxide yield was reported in literature, but
no such relation ship could be observed in the synthesised catalysts.['”! Even though
FeCo-N-C (1:3) shows a high peroxide yield, its pyrrolic nitrogen was the lowest out of
all. Since the pyridinic/pyrrolic ratio is quite high for the synthesised catalyst, formed
peroxide could be further reduced by pyridinic nitrogen before being detected at the ring.
The addition of Co to Fe-N-C catalysts could be advantageous. As shown, a Fe/Co ratio
of 5:3 seems to improve the stability of the catalyst with concurrent high mass activ-
ity and half-wave potential. However, an increased peroxide yield and lower electron
transfer number compared to Fe-N-C could be detrimental to long-term stability under
fuel cell operation conditions. Low amounts of Co content, namely 25 and 50 % do not
have advantageous effects, but are rather detrimental. These catalysts show lower mass
activity compared to Co-N-C with lower stability and 4 e~ ORR selectivity. Thus the use
of monometallic Co-N-C catalysts is beneficial compared to bimetallic FeCo-N-C (1:1)

and FeCo-N-C (1:3).
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5 Conclusions and Outlook

The goal of this thesis is to provide a systemic approach to the evaluation of the influence
of different ratios of metal in bimetallic FeCo-N-C electrocatalysts. In total six different
mono- and bimetallic catalysts with differing Fe/Co ratios were synthesised and investi-
gated with physical and electrochemical characterisation techniques. The catalysts show
a homogenoues distribution of both metals across the catalyst, as evidenced through EDS
elemental mapping. Agglomerations of metal, indicating metal particles are visible in all
catalysts. No detection of metal particles was possible with XRD or XPS, suggesting the
amount of particles formed is quite low in comparison to previously reported catalysts in
literature.!!”-”>! The elemental composition regarding carbon, nitrogen and oxygen of all
six catalysts is in agreement with similar catalysts.[*3*°! Nitrogen containing functional
groups do not seem to correlate with the Fe/Co ratio, with the exception of the proposed
Me-N, group, which increases in relation to the total nitrogen content with increasing

Co content used in the synthesis.

The synthesised catalysts show a low reproducibility during electrochemical character-
isation with data of multiple measurements of the same catalyst varying. Nonetheless,
different electrochemical properties depending on the Fe/Co ratio can be observed. The
ORR performance in terms of mass activity and half-wave potential of the catalysts
seems to decrease with increasing Co content up to 50 % Co, with the exception of
FeCo-N-C (5:3), which shows a performance exceeding FeCo-N-C (3:1). Below 50 %
Fe, the ORR performance increases again with the monometallic Co-N-C displaying bet-
ter mass activity and half-wave potential than FeCo-N-C (1:1) and FeCo-N-C (1:3). The
4 e~ ORR selectivity also seems to decrease with increasing Co content up to 50 % Co,
after which it stagnates. Even though FeCo-N-C (5:3) showed exceptional performance,
its selectivity follows the linear trend, mentioned. For stability evaluation the catalysts
were exposed to an AST. All six catalysts show a decrease in mass activity loss after the
AST with increasing Co content, with Co-N-C displaying exceptional stability compared
to the other catalysts. This stability enhancement seems to correlate with the pyridinic
nitrogen content in the catalysts. The half-wave potential shows a higher decrease than
the onset potential after the stress test, suggesting a higher influence of mass-transport
hindrance compared to kinetic activity. This can be elaborated by an evident carbon

corrosion after the AST, as evidenced by an significant increase quinone/hydroquinone
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functionalities in cyclic voltammograms. A corrosion of carbon can additionally be
presumed through an capacitance increase of about 10 %. The 4e~ ORR selectivity
of the catalysts decreases stronger in bimetallic compared to monometallic ones. In
fact, monometallic catalysts show no increase in peroxide yield after the AST, with
Co-N-C even decreasing in yield. These results suggest a possible trade-off of stabil-
ity and performance, with FeCo-N-C (5:3) showing high stability with concurrent high
performance. Low amounts of Fe below 50 % however display a low ORR performance
even compared to monometallic Co-N-C catalysts without an improvement in stability
or selectivity.

In further investigations the stability improvement of the addition of Co to Fe-N-C cata-
lysts could to be studied in different AST conditions. Besides the start-up and shut-down
AST conditions, a load cycle AST could be done with the focus on degradation of metal
sites in a potential window of 0.0-1.0 V vs. RHE.!!332! Tt was already reported, that an
AST under oxygen saturated electrolyte in a potential window of 0.0-1.0 V vs. RHE
increases the degradation manyfold compared to inert gas saturation, because of the pro-
duction of H,O, during the AST.®”! The increased production of H,O, with rising Co
content and subsequent degradation thus may have the consequence of increased degra-
dation. This is of special importance since H,O, can be converted to reactive radicals
through the Fenton reaction and thus a higher peroxide yield with the addition of Co
may be detrimental to the stability.!®!8”! Furthermore, the impact of an increased perox-
ide yield compared to monometallic Fe-N-C needs to be investigated in regards to fuel
cell operation and its long-term stability. An elucidation of the active sites in bimetallic
Me-N-C with techinques like EXAFS and XANES could find reasons for the exceptional
behavior of FeCo-N-C (5:3). In this regard, the determination of the actual metal con-
tent and ratio in the synthesised catalysts could be pivotal. Finally, the investigation of
bimetallic catalysts could be extended to other synthesis methods, namely to determine

whether similar effects can be observed in different catalysts.
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7 Appendix

Table 7.1: Fitting parameters for high-resolution XP spectra analysis.

Fitted Peak Peak BE [eV] FWHM [eV]
graphitic 284.5 £ 0.0 0.99 £ 0.03

nt-bound C, 285.7 £ 0.0 1.20 + 0.07

C o-bound C 287.0 £ 0.0 1.35 £ 0.49
satellite 290.3 £ 0.1 5.03 £0.52

artifact 283.5+£0.0 0.48 £ 0.08

pyridinic 398.1 £0.0 1.42 £ 0.01

Me-N, 399.6 £ 0.0 1.42 £ 0.02

N pyrrolic 400.8 £ 0.0 1.42 +0.02
graphitic 402.0 £ 0.0 1.42 £ 0.02

satellite 404.0 £ 0.1 5.15 £ 0.47

0=C 531.0£ 0.0 2.33 £0.04

0 O-C 53294+ 0.0 2.34 +£0.38
satellite 537.1 £0.1 491 £ 0.16
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Figure 7.1: C1s high resolution XP spectra of a) FeCo-N-C (3:1), b) FeCo-N-C (5:3),
¢) FeCo-N-C (1:1) and d) FeCo-N-C (1:3).
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Figure 7.2: Ols high resolution XP spectra of a) Fe-N-C, b) FeCo-N-C (3:1), ¢) FeCo-
N-C (5:3), d) FeCo-N-C (1:1), e) FeCo-N-C (1:3) and f) Co-N-C.
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Figure 7.3: HR-TEM micrographs with EDS elemental mapping of a) Fe-N-C, b)
FeCo-N-C (3:1), ¢) FeCo-N-C (5:3), d) FeCo-N-C (1:1), e) FeCo-N-C (1:3)
and f) Co-N-C. C EDS mapping x2 amplified, other elements x4 amplified.
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