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Abstract

We are speeding full throttle towards a climate catastrophe and we have only until 2030 to take
action to avoid the most devastating and unimaginable consequences. The lack of political and
corporate will to change the status quo of “business as usual” is causing mass protests and civil
disobedience globally. The rich elite is relying on science to find a “technological miracle” which
will enable continued ever-growing profits while making the global economy carbon neutral.
The hydrogen economy could be part of the solution. Water electrolysers convert water to
hydrogen with electricity and fuel cells convert hydrogen back to water producing electricity.
Hydrogen can therefore be used as an energy vector instead of fossil fuels. The research field of
the sluggish oxygen evolution reaction (OER) requires innovation in order for electrocatalytic
water electrolysis to become economically viable. The cost, stability, and activity of the
electrocatalyst need to be improved. One way to achieve this is to use stable and electrically
conductive ceramic support for the nano-sized Ir electrocatalyst, such as titanium oxinitride
(TiON).

One key parameter that governs the properties of TiON is the N/O ratio. By having ways of
determining the N/O ratio, newly synthesized TiON material samples can be evaluated and
compared to other similar samples. Different analytical methods, such as scanning transmission
electron microscope (STEM) energy dispersive x-ray spectroscopy (EDXS), scanning electron
microscope (SEM) EDXS, electron energy loss spectroscopy (EELS), x-ray photoelectron
spectroscopy (XPS), and thermogravimetric analysis (TGA) with CHNS elemental analysis were
evaluated for N/O ratio determination.

An experimental platform, called NanolLab, was developed to gain insight into the effects of
catalyst composition and structure on its stability and activity. Novel concepts such as identical
location (IL) transmission electron microscopy (TEM), anodic oxidation of TEM grids, and
modified floating-electrode-based electrochemical analysis were combined to enable
accelerated development of electrocatalysts. Nanolab facilitates the observation of the
electrocatalyst’s local surface, morphology, composition, and structure which can all be
followed with atomic resolution and understood in depth after each step of the synthesis
procedure and electrochemical treatment. NanolLab was used to investigate the stability of the
TiON-Ir support — electrocatalyst system. Together with density functional theory calculations,
it was shown that Ir nanoparticles and Ir single atoms stabilize the TiON support which reduces
oxidation during OER. NanolLab was also used together with in-house developed algorithms to
understand structural transformations in TiON-supported Ir nanoparticles. The processed
atomic resolution images revealed many degradation processes where surface roughening was
found to be the predominant one. The reduced oxidation tendency of TiON-supported Ir
nanoparticles was also confirmed.

Additionally, carbon TiON nanocomposite nanofibres (CTION-NCNFs), synthesized with
electrospinning and subsequent nitridation, were measured for electrical conductivity as single
nanofibres and as bulk fabric. The electrical conductivity was better than similar amorphous
carbon nanofibres, which makes them good candidates to be a support material for
electrocatalysts and wiring material for electrochemical applications in general. Additional
analytical methods were used to determine the morphology, crystal structure, chemical
composition and N/O ratio from which electrical conductivity could be estimated and compared
with experimental results.
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Povzetek

S polno paro drvimo proti podnebni katastrofi, €asa imamo le Se do 2030 za ukrepanje v izogib
najbolj unicujocim in nepredstavljivim posledicam. Manjko politine in korporacijske volje
spremeniti trenutno stanje “obi¢ajnega poslovanja” povzro¢a mnozi¢ne proteste in civilno
nepokorscéino po vsem svetu. Bogata elita se zanasa na znanost, da najde “tehnoloski cudez”, ki
bo omogocil nadaljevanje nenehno narascajocih dobic¢kov in hkrati zagotovil ogljicno nevtralnost
svetovne ekonomije. Vodikova ekonomija bi lahko bila del nabora resitev. Vodni elektrolizeriji
pretvorijo vodo v vodik z elektriko in gorivne celice pretvorijo vodik v vodo, da nastane elektrika.
Vodik se tako lahko uporablja kot nosilec energije namesto fosilnih goriv. Znanstveno podrocje
pocasne reakcije evolucije kisika (REK) potrebuje inovacije, zato da elektroliza vode na osnovi
elektrokatalizatorjev postane ekonomsko uresnicljiva. Cena, stabilnost in aktivnost
elektrokatalizatorjev morajo biti izboljSane. To je mozno doseci z uporabo stabilne in elektri¢no
prevodne kerami¢ne podloge za Ir elektrokatalizatorje nano velikosti, npr. s titanovim
oksinitridom (TiON).

Glavni parameter, ki doloca lastnosti TiON, je razmerje N/O. Z metodami za dolocanje
razmerja N/O, ki so na razpolago, se lahko na novo sintetizirane vzorce TiON materiala ovrednoti
in primerja z drugimi podobnimi vzorci. Razlicne analiticne metode, kot so vrsti¢na presevna
elektronska mikroskopija (VTEM) z energijsko disperzijsko rentgensko spektroskopijo (EDRS),
vrsti¢na elektronska mikroskopija (VEM) EDRS, spektroskopija izgube energije elektronov (SIEE),
rentgenska fotoelektronska spektroskopija (RFS) in termogravimetricna analiza (TGA) s CHNS
elementno analizo, so bile ovrednotene za doloc¢anje razmerja N/O.

Eksperimentalna platforma Nanolab je bila razvita za pridobivanje razumevanja ucinkov
sestave in strukture katalizatorjev na njihovo stabilnost in aktivnost. Uporaba izvirnih metod,
kot so presevna elektronska mikroskopija (TEM) identicne lokacije, anodna oksidacija TEM
mreZic in elektrokemijska analiza na osnovi predelane plovece elektrode, so bile zdruZene za
omogocanje pospesSenega razvoja elektrokatalizatorjev. NanolLab olajsa opazovanje lokalne
povrsine, morfologije, sestave in strukture elektrokatalizatorja in omogoca sledenje z atomsko
locljivostjo in poglobljeno razumevanje v vsakem koraku sinteze in elektrokemijske obdelave.
Nanolab je bil uporabljen za raziskovanje stabilnosti TiON-Ir podloga — elektrokatalizator
sistema. Skupaj z izra€uni teorije gostotnega funkcionala je bilo pokazano, da Ir nanodelci in Ir
posamezni atomi stabilizirajo TiON podlogo, kar zmanj$a oksidacijo med REK. NanolLab je bil
uporabljen tudi skupaj z interno razvitimi algoritmi za razumevanje strukturne pretvorbe Ir
nanodelcev na TiON podlogi. Obdelane slike z atomsko lodljivostjo so razkrile veliko
degradacijskih procesov, naras¢anje hrapavosti povrsine je bilo ugotovljeno kot prevladujoce.
Zmanjsano nagnjenje k oksidaciji Ir nanodelcev na TiON podlogi je bilo tudi potrjeno.

Dodatno je bila posameznim ogljikovim TiON nanokompozitnim nanovlaknom in tkaninam,
sintetiziranim z elektropredenjem in nitridacijo, izmerjena elektricna prevodnost. Elektri¢na
prevodnost je bila boljsa kot pri podobnih amorfnih ogljikovih vlaknih, kar jih naredi dobre
kandidate za podlogo za elektrokatalizatorje. Dodatne analitske metode so bile uporabljene za
doloditev morfologije, kristalne strukture, kemijske sestave in razmerja N/O, iz katerih je bila
lahko ocenjena elektri¢na prevodnost in primerjana z eksperimentalnimi rezultati.
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Chapter 1

Introduction

We are currently facing a problem of unprecedented dimensions, the climate crisis. Scientists
have been warning about the consequences of fossil fuel use for more than 100 years [1], [2].
The Intergovernmental Panel on Climate Change is predicting that we have only 8 years left to
act to have a chance to avoid unforeseeable climate catastrophes on a global scale by the end
of the century [3]. All the technologies to achieve this are already available but the lack of
political and corporate will is forcing us to find a “technological miracle” that is going to enable
us to continue business as usual — eternal economic growth and infinite profits on a finite planet.
Hydrogen economy could be part of the solution. To promote this technology to a profitable
level, electrocatalysts in water electrolysers (and fuel cells), especially for the oxygen evolution
reaction (OER), need to have improved activity and stability and the cost needs to be reduced
[4]. The amount of precious metals available on earth is limited, which is why its use in
electrocatalysts needs to be minimized and efficiency maximized. The benchmark catalysts used
for this purpose are composed of precious metal nanoparticles embedded in the carbon-based
support for the hydrogen evolution reaction (HER) and precious metal oxides for the OER [4]. By
putting the precious metal nanoparticles on a suitable support, the active surface area can be
increased and the amount of precious metals can be reduced. Nanoparticles should be well
attached to the support and the whole system should have reasonable electrical conductivity
enabling electrochemical reactions. Another important parameter is long-term stability of the
support. Carbon based supports are quite unstable at oxidizing potentials, it can be oxidized and
disintegrate, resulting in a reduction of efficiency [4], [5]. One of the possibilities of alternative
support is titanium oxynitride (TiON).

TiON is a general term for a group of compounds with the chemical formula TiOxNy. It
includes a spectrum of compounds with different N/O ratios with hybrid properties of titanium
dioxide and titanium nitride [6], [7]. It is popular in research due to its remarkable optical and
electronic properties, mechanical behaviour and chemical stability. TION can also be called a
designer material because of its versatility and finely tuneable properties, which can be tuned
by changing the N/O ratio. In that way, we can get a combination of properties of metallic oxides
(photocatalytic activity, corrosion resistance, optical properties) and nitrides (colour, hardness,
wear resistance, durability, high electrical conductivity) [6], [7]. TION is relatively new regarding
its use as a support for electrocatalysts, therefore the mechanisms in corrosion resistance are
not yet well understood, nor are other properties like the effect of chemical composition on
electrical properties and electrocatalyst attachment efficiency, which are all things that will be
researched during this doctorate.

1.1 Water Electrolysis

Hydrogen is the most efficient energy carrier and can be obtained, among many production
methods, by an eco-friendly and high purity way with water electrolysis. Renewable energy
sources can be used for this method and oxygen is the only by-product without any carbon
emissions. Today, only 4 % of hydrogen is being produced in this way globally, mostly because
of economic reasons [4]. The equation for the electrochemical reaction of water electrolysis can
be expressed in its simplest form as:
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2H,0 — 2H, + 0, (1.1)

In water electrolysis, water decomposes to hydrogen and oxygen when an electric current
passes through it. The most basic setup needed for this electrochemical reaction to run are two
electrodes (anode and cathode) and an electrolyte (Figure 1.1). The full reaction produces two
moles of hydrogen and one mole of oxygen per mole of water. By choosing the right electrolytes
and electrodes, unwanted side reactions can be avoided. A separating membrane in the
electrolyte between the two electrodes, which is permeable to ions, ensures the separation of
the formed hydrogen and oxygen gas so that an explosive mixture of these two gases can be
avoided [8]. The process requires a lot of energy in the form of electricity (240 kJ/mol) and
hydrogen evolution rate is low and is therefore not economically competitive. In order to reduce
the energy consumption and increase the efficiency, research has been done to improve water
electrolysis technologies and find low cost electrocatalysts. New water electrolysis technologies
can be classified based on the electrolyte used, operating conditions, and ionic agents (OH", H*,
0%). Examples of different water electrolysis technologies are: Alkaline water electrolysis (AWE),
solid oxide electrolysis, microbial electrolysis cells, and proton exchange membrane (PEM) water
electrolysis (PEMWE) [4].
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Figure 1.1: Scheme of an electrochemical cell.

The first PEMWE was developed in 1966 as an attempt to overcome the drawbacks of AWE.
PEMWEs were built based on technologies from PEM fuel cells, where a solid polysulfonated
membrane is used as an electrolyte (proton conductor) between the two electrodes (Figure 1.2).
The PEM has many advantages such as lower gas permeability, lower thickness, high proton
conductivity and high-pressure operability. Other advantages are compact design, high
efficiency, high current density, small footprint, fast response, and operation at lower
temperatures (20 °C — 80 °C). The state-of-the-art electrocatalysts for PEMWE are high activity
noble metals such as Pt/Pd for the hydrogen evolution reaction (HER) and IrO,/RuO, for the
oxygen revolution reaction (OER). The high price of noble metals makes PEMWE more expensive
than AWE. That is why the main focus of research is to reduce the production cost of PEMWEs.
Additionally, OER is much slower than HER so more research is focused on increasing OER
efficiency while reducing noble metal use and increasing stability [4].

In PEMWEs, water is split into protons, electrons, and oxygen gas on the anode:

1
HZO(I) d 2H+(aq) + EOZ ® + 2e” (12)
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Then, the protons travel through the proton conducting membrane to the cathode. The
electrons travel through an external power circuit. The electrons and protons combine at the
cathode to form hydrogen gas [4]:

2H+(aq) + 2e” > H2 (®) (13)

PEMWEs consist of membrane electrode assemblies (MEAs), gas diffusion layers (which are
current collectors), and separator plates. MEAs are the most important part of PEMWEs. An
MEA consists of a membrane, an ionomer solution, and an anode and cathode electrocatalyst
layers. The membrane holds the MEA together, the most commonly used membranes are
perfluorosulfonic acid polymer membranes, especially Nafion®. This type of membrane has high
strength, efficiency, oxidative stability, and proton conductivity. They operate at high current
densities and are also durable and dimensionally stable with temperature change. The other
important part are the electrocatalyst layers (anode and cathode) which are usually mixed with
the ionomer solution and directly coated on the membrane to form the MEA [4].
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Figure 1.2: Scheme of a PEM electrochemical cell.

1.1.1 Electrocatalysts for PEMWE

Typically, electrocatalysts used in PEMWEs are made from noble metals which are expensive but
very efficient. At the cathode for HER, Pt/Pd-based electrocatalysts are used and at the anode
for OER, RuO,/IrO,-based catalysts are used. To reduce costs and improve efficiency and stability
at the same time, research focus is moving towards noble metal non-noble metal alloys and
noble metal non-noble metal mixed oxides or even fully non-noble metal compounds. To
decrease the noble metal use even further, the electrocatalysts are being put on electrically
conductive support materials to increase the electrocatalyst surface area with less
electrocatalyst used while maintaining good electrical conductivity. Most popular support
materials are carbon-based for HER and metallic oxides for OER but research focus is also going
in the direction of alternatives to these supports [4].

1111 Electrocatalysts for OER

IrO; is generally recognised as the state-of-the-art electrocatalyst for the OER in PEMWE. RuO;
has a higher activity compared to IrO,, but is more prone to corrosion which limits its use. In the
past, research was focused on the use of Ru and Ir electrocatalysts and their alloys. The aim was
to improve efficiency, stability and reduction of costs and some researchers began trying to find
alternatives for the OER. One of the early ideas was to mix IrO; or RuO, with other cheaper
oxides, which are more durable and can be easily manufactured, to form a solid solution. For
this, many different types of oxides were used such as SnO,, Ta;0s, Nb,Os, Sb,0s and even
mixtures of these oxides. One problem that arose from these types of coatings on metallic
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electrodes (for example Ti) was low electron conductivity which could cause electrode
passivation. Other modes of destruction of such mixed oxide coated electrodes are dissolution
of the active component, penetration of the electrolyte through the mixed oxide layer, and
dissolution and anodic oxidation of the metallic electrode base. Mixtures of three oxides (for
example SnO,—Ir0O,—Ta,0s) showed superior properties compared to mixtures of two oxides. The
presence of tantalum oxide (even at low molar fractions), for example, expanded the surface
area, improved electronic conductivity, increased charge storage capacitance, and promoted
surface enrichment of Ir. But due to metallic electrode base, such catalysts could not be used in
MEAs due to the impermeability of the solid catalyst plate [9].

A good electrocatalyst for PEMWEs needs to have a high surface area which enhances
performance and ionic conductivity. Electrocatalysts which are produced in a “free standing”
form can also be more easily applied to the electrolyte membrane. Because of this, research was
focused on ultrafine catalyst nanoparticles where membrane-electrode contact was enhanced
[9]. An ideal catalyst layer then provides high catalyst utilization, high electron conductivity,
durability, and high mass transport. Some synthesis methods are very suitable to produce
ultrafine catalyst nanoparticles such as polyol method [10], solvothermal method [11], and the
Adams fusion method [12]. The modified polyol method is believed to form a solid solution
between IrO; and the other oxide (for example SnO;) which improves electrical conductivity
compared to other synthesis methods where separated oxide phases are formed. Non-noble
oxides (such as TiO,, Sn0,, Ta;0s, Nb,Os, Sb,0s) do not contribute actively to the OER, but can
play important roles in other ways such as suppressed adsorption of hydroxyl species (in the
case of Sn0;) which releases more active reaction sites of IrO; [9].

The non-noble oxides function as a diluent for the noble metal oxide and increase stability
against corrosion. They work as a support material for the active electrocatalyst. Other
compounds can be used for this purpose, such as carbides [9] and, due to their higher electrical
conductivity, nitrides and oxynitrides.

1.2 Titanium Dioxide

TiO; is a well-known insulator and oxide semiconductor with many applications in important
research areas such as solar energy harvesting and photocatalysis [6]. TiO; exists in three main
crystalline forms, rutile, brookite and anatase, different phases manifest different properties.
TiO; films have several potential applications in microelectronics, such as antireflection coatings,
optical filters, integrated optical chemical sensors, and optical waveguides etc. due to their high
transmittance in the high refractive index, visible spectral range, and their thermal and chemical
stability. Other fields of potential use are photocatalysts for wastewater treatment and solar-
energy conversion, storage capacitors in DRAMs, insulators in MOS devices, deep ultraviolet
lithography, electrochromic displays, gas sensors, and other optical coatings [7], [13].

1.3 Titanium Nitride

TiN is an attractive material for various applications such as mechanics, optics, and
microelectronics due to its superior properties. For example, TiN films are one of the most
studied systems, finding widespread use in a number of applications due to their hardness,
diffusion barrier properties (thermodynamically very stable), low electrical resistivity (high
conductivity), high thermal and chemical stability, extreme wear resistance, and attractive
colours. They are used in plasmonic applications, cutting tools, MEMS, solar reflectors, wear-
resistance coating, anti-reflective coating, metallization for large-scale integrated circuits, as
electrode materials and decorative coating (the colour of stoichiometric TiN films is similar to
that of gold) etc. TiN coloured films are also attractive to consumers and are therefore used in
ornament industries. These films can be prepared by various chemical and physical deposition
techniques. TiN films are not only important for the colour but also for electrical properties at
interfaces between two layers. Research on TiN films indicates that mechanical properties,
electrical properties and colours of the TiN film mostly depend on oxygen content in the film
and film thickness [6], [7], [14]-[17].
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1.4 Titanium Oxynitride

The term TiON is used to describe a group of compounds of general composition TION which are
intermediate phases found midway between titanium dioxide (TiO,) and titanium nitride (TiN).
According to already published articles the term is not used to refer to a certain number of stable
compounds with a fixed ratio of O and N but rather the whole continuum of possible ratios
between O and N. The term is even used if there are more phases present in the system (for
example a phase of cubic TiN doped with O and a separate crystal phase of anatase TiO;). TiON
has recently become a popular material to synthesize, research, and use because it is a hybrid
between TiN and TiO,, also its properties are somewhere between the properties of TiN and
TiO: [6], [7], [18].

More and more high-tech materials are needed for new emerging advanced applications
where the properties of the materials need to be versatile and finely tuneable. This is a problem
that scientists need to face when working with pure nitrides or oxides (for example TiN or TiO).
In the past, there was a considerable interest in the study of TiON materials, due to their
remarkable optical and electronic properties, mechanical behaviour and chemical stability. TION
exhibits the combination of properties of metallic oxides (colour, optical properties) and nitrides
(hardness, wear resistance). So far, TION has been extensively investigated due to its physico-
chemical properties, such as hardness, durability, corrosion resistance, photocatalytic activity,
etc., which make this material suitable for a large variety of applications including thin film
technology, optical coatings or photocatalytic applications in the visible range. Recently, interest
in TION has increased due to the pronounced dependence of their properties on the N/O ratio.
The ratio of N and O in TiON can be tuned which is also changing the properties of TiON in a
continuous manner. In terms of, for example, conductivity, this means a continuum from
insulating properties of the ionic oxide TiO, to metallic properties of the pure covalent nitride
compound TiN which is an even better electrical conductor than titanium. The final properties
of TiON are related to the chemical composition and homogeneity, as well as the
crystallographic structure [6], [7].

Jung et al. have done research on TiON thin films, which were deposited by a DC magnetron
sputtering method, and the change of their properties as a function of oxygen flow rate. It was
shown with x-ray photoelectron spectroscopy (XPS) and high resolution transmission electron
microscopy (HRTEM) analysis that the chemical energy states and microstructures of TiON films
are influenced by the amount of oxygen flow rate. As the oxygen content increased, the peak
positions of titanium shifted. The major part of every sample was amorphous TiON and a small
part was the TiN(111) crystal phase which was confirmed by both the HRTEM image and
microdiffraction pattern. As a result, the fully crystallized TiN microstructure transformed to
TiON with small amounts of the TiN crystal phase still present as the oxygen flow rate increased.
Also, the microdiffraction pattern of TION made it apparent that the lattice parameter increased
compared with TiN film grown without oxygen flow. The structural distortion was probably
caused by oxygen. It was thought that oxygen exists interstitially inside of the TiN lattice. This
means that the electrical properties can be expected to vary with the amount of TiN crystal
phase inside of TiON films. It has been shown that the resistivity of TiON thin films increased up
to 10'° Qcm as the oxygen flow rates increased [19].

1.4.1 Structure

There has not been much research devoted to the chemical composition and structural analysis
of TiON. Investigations show that such compounds exhibit a quite complex structure as a
function of the N/O ratio. As a result, efforts to determine and understand their structure have
led to a wide range of interpretations, and this still remains an open question. In previous works,
some structural and chemical characterizations were carried out on chemical vapour deposition
(CVD) layers. Guillot et al. obtained samples of thin films with different N/O ratios by varying the
growth temperature. These samples were quantified with Rutherford backscattering
spectroscopy (RBS) and it was shown that the oxygen content decreases with growth deposition
temperature. Using X-ray diffraction (XRD), an isomorphic structure of TiN and TiO (face-centred
cubic structure, Figure 1.4) was determined to be present in the samples with peak positions
located between the theoretical values of the two phases. It was shown that the lattice
parameter increases as a function of the growth temperature. The lattice parameter increase
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can be linked to the oxygen content and to substitution of nitrogen atoms by oxygen atoms
which leads to a Ti(N,O) phase. The nitrogen atomic radius is bigger than that of oxygen, so an
increase in oxygen content induces a decrease in the lattice parameter. This lattice parameter
variation could also be attributed to the residual stress in the layer, but XRD measurements
showed that the real residual stress contribution to the lattice parameter variation is negligible.
That is why it is very probable that the lattice parameter change happens because of atom
substitution. The oxygen quantities are too large to be explained only by the presence of the
Ti(N,0) phase. The presence of another amorphous titanium oxide such as TiO; could explain
the excess amount of oxygen [20]-[22].
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Figure 1.3: Structure of rocksalt TiON. Ti cations have occupancy 0.75 and N and O anions share
the same locations with occupancy 0.5 (arbitrary TION composition).

Research like the one above and similar investigations into TiON have uncovered titanium
compounds with the face-centred cubic cell structure and empirical formula TiON (the sum of x
and y is many times approximately 1, but can also vary widely) [23]. However, in most cases, the
compound maintains the rock salt structure and compensates for the nonstoichiometry through
vacancies on the titanium sites [23]. These TiON phases can be considered as a solid solution of
cubic titanium(Il) oxide, TiO and the cubic titanium(lIl) nitride, TiN, where the lattice parameter
of a given TiON compound can be found by Vegard’s Law somewhere between the value of
4.172 A for TiO and 4.244 A for TiN [23].

In contrast to the close-packed cubic TiON materials (d = 5.8 g/cm?), Hyett et al. discovered
TiON based on nitrogen substitution into the less dense (d = 4.3 g/cm?) orthorhombic a-Tiz0s
structure (anosovite) (Figure 1.4). This oxynitride is isostructural to the high-temperature phase
of TisOs, a preference for this Cmcm structure at room temperature is similar to that observed
by cationic doping of TizOs. The structural analysis of Ti,.s52)04N shows that the nitrogen present
substitutes oxygen on the 4c crystallographic site. Before this study the only binary titanium
oxides known to incorporate nitrogen to form oxynitrides were the rock-salt structured TiO, and
in nitrogen-doped TiO; (only low levels of nitrogen). They synthesized it using combinatorial
chemical vapour deposition with a triple source of precursors: TiCls (metal source), NH; (nitrogen
source), and ethyl acetate (oxygen source). The relative ratio of oxygen source to nitrogen
source was varied between the samples to produce films of Tiz.;04N with differing compositions.
The range of titanium ion vacancy was between 0.06 and 0.27. Synchrotron XRD, XPS and UV-
vis spectroscopy were used to investigate the new compound. The material crystallizes in the
space group Cmcm, where the ordered nitrogen ions stabilize the structure into an
orthorhombic analogue of the monoclinic anosovite, TisOs. The lattice parameters were
determined to be a=3.8040(1) A, b=9.6486(6) A, and c=9.8688(5) A for Ti,gs20sN and they
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change depending on composition. TiON structures have been investigated in detail by
conventional techniques for many years and no indication of this or any other complex (nonrock
salt-type) structure was found [23].

0 titanium
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Figure 1.4: Structure of anosovite TiON.

Another type of TiON has been extensively reported: the doping of TiO, with nitrogen.
Research on these materials has been conducted principally to change the band gap of TiO, and
alter its hydrophilic and photocatalytic properties. The extent of doping in these materials is
extremely small, typically less than 0.5 at. % of nitrogen, and is by some considered as nitrogen-
doped materials rather than as true TiON [23]. In the past, TiO; has been the subject of many
studies because of its potential applications in important research fields such as photocatalysis,
photovoltaic and UV protection. TiO; is chemically stable, absorbs strongly in the ultraviolet
region, and is highly photocatalytically active which causes quick degradation of harmful organic
compounds. TiO, performance still needs to be improved in order to be used in these
applications. To achieve this, the performance of TiO, could be improved by reducing its band
gap which would shift its absorption in the visible region and, consequently, more solar energy
could be absorbed. By doping TiO, with different elements such as carbon, nitrogen, or sulphur,
the bang gap can be reduced. Another way to achieve a band gap reduction would be to
synthesize sub-stoichiometric crystalline phases of TiO,. The TiO; electronic structure is now well
researched but the structure and optical properties of sub-stoichiometric species still need to
be better understood [24].

Simon et al. synthesized a nitrogen containing sub oxide TiO, phase which had a
crystallographic FCC structure as identified by XRD [24]. The presence of nitrogen in the
structure was proven with XPS. The XRD showed that the main crystalline phase was FCC TiO
and XPS at the Ti core level showed 3 components attributed to Ti*, Ti**, and Ti**. The presence
of Ti?* state corresponds to TiO from XRD. The percentage of the other components was
calculated to be bigger than that of the Ti?* state, which indicated that the true Ti oxidation state
and the accurate structure of this compound are more complex than previously thought. Also
the previous study of the same group on this oxide phase showed that optical properties can be
tuned with thermal treatment in air. As they increased the annealing temperature, the
absorption threshold value shifted gradually toward higher energies. This showed that an entire
family of TiON products with an adjustable gap can be produced [24]. Because XPS and XRD
measurements were not enough to fully characterize the Ti(O,N) system, they also used electron
energy loss spectroscopy (EELS) and x-ray absorption spectroscopy techniques to propose a
detailed description of the complex structure and chemistry of these nanoparticles. The
elemental map obtained from the EELS measurements has shown that there is a homogeneous
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solid solution of TiO and TiN in the nanoparticles. These two species are the cause of Ti** and
Ti®* signals in XPS. When annealing (thermal treatment in air), oxidation occurs on the
nanoparticles surface, which leads to an increased Ti* signal in XPS. In these TiON nanoparticles,
the x-ray absorption near-edge structure signal shows that Ti®* states are coming from the
Ti(O,N) solid solution which may be non-stoichiometric, and from the disorder in the particles,
of the disordered TiO, phase. The system has a high oxidation degree compared to what would
be expected for TiO or for TiN. This is because of defect states resulting from non-stoichiometry
of the Ti(O,N) solid solution, nitrogen in the lattice, and titanium atoms in a disordered TiO;
phase. The extended x-ray absorption fine structure signal confirmed the FCC structure of a solid
solution of TiO and TiN with titanium vacancies with a long range order and another short range
disordered anatase phase [24], [25].

1.4.2 Use

The majority of applications for TiON at present are in the form of TiON thin films. TiON thin
films attract much attention owing to their remarkable optical and electronic properties, which
depend significantly on the N/O ratio. Nitrogen-rich TION has been widely used in many
applications, such as anti-reflective coating, decorative coatings, biomaterials, excellent
diffusion barriers and resistors, while oxygen-rich TION has been applied in thin film resistors
and as insulating layers in metal—insulator—-metal capacitive structures in order to avoid oxide
interface layer formation. Many other useful applications of TiON films, such as solar selective
absorbers (visible light), transparent IR window electrodes, water splitting systems,
photoelectrochemical catalysts, oxygen reduction reaction (ORR) catalysts and wear-resistant
coatings have been demonstrated [14], [26]-[28]. Nitrogen-rich TiON shares interesting
properties with TiN, which make it attractive for various domains of applications like optics,
micro-electronics and mechanics with the advantage of being more corrosion-resistant and
chemically stable than TiN. Particularly, the N/O-ratio-dependent properties of TION make it the
focus of many recent studies in biomaterials, solar panels, protective and decorative coating and
thin film resistors [17].

TiON films are also important for their properties at the interface between two layers. These
TiON films provide a retarding diffusion barrier between a metal and silicon. The TiON film blocks
the fast diffusion path of oxygen. By controlling the amount of oxygen inside the TiON film,
different requirements from different industries can be fulfilled [15]. TiON can also be used in
the form of nanoparticles. TION nanoparticles are particularly stable because they are insoluble
in acidic media, as confirmed by leaching tests conducted using inductively coupled plasma
atomic emission spectroscopy. The presence of N atoms in these nanoparticles is necessary for
maximizing the ORR activity of TiON catalysts of various particle sizes (~20 nm — 200 nm) [29].
Furthermore, TION was proposed for the use as a novel electrode material because of its high
thermal and chemical stability and high electrical conductivity [16].

1.4.3 Synthesis methods

Various different synthesis methods have been developed in order to synthesize TiON with a
wide range of oxygen and nitrogen concentrations. Among these processes, some physical and
chemical vacuum deposition methods have been shown to be feasible ways to achieve tuneable
chemical compositions and a variety of physicochemical properties. The different possible
synthesis techniques are: reactive (pulsed) magnetron sputtering, radio-frequency pulsed laser
deposition, arc ion plating method, electron cyclotron resonance, reactive gas pulsing
technique, ion (beam) assisted deposition, dual ion beam sputtering, hollow cathode ionic
plating, hollow cathode reactive direct current sputtering system, CVD, electron beam
evaporation, plasma vapour deposition, physical vapour deposition, the solvothermal method,
the hydrothermal method, direct thermal nitridation of TiO, or TiO in ammonia gas at elevated
temperatures, oxidizing TiN, and the sol-gel method. Sol-gel method, among other methods, is
more widespread and convenient to produce transition metal oxynitrides [7], [17], [20], [26],
[30].

TiON can be synthesized in many ways as can be seen above and some of them are based on
TiN or TiO; as a starting material. Preparation of TiON through nitridation of TiO, or oxidation of
TiN is not straightforward. On the one hand, nitrogen implantation in TiO; leads to noticeable
reconstruction of the surface due to strong reduction and only a small amount (2 % - 3 %) of
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implanted nitrogen can be reached, and on the other hand, the oxidation of the TiN quickly leads
to the formation of TiO, [6]. In the case of oxidizing TiN at low temperatures (250 K), molecular
oxygen adsorbs chemically on the surface which enables O atoms to bind to Ti surface atoms.
The oxidation does not make progress into the bulk and it is probably limited to the first layer.
When the temperature is 450 K, the adsorption/dissociation of molecular oxygen on the surface
is exothermic, but the necessary N—O surface exchange is a very endothermic step that can only
happen at high temperatures. Further N-O substitution involving inner TiN layers is always
endothermic as long as the cubic structure is preserved. A hypothetical rocksalt structure for
TiON is highly unlikely and oxidation of TiN probably involves a loss of the initial structure at the
same time. Oxidation at 450 K involves formation of both N, and NO at the beginning of the
reaction. The formation of N, decreases with time. Instead of Ny, a signal of NO starts to form
which indicates that the main channel of the reaction is TiN+mO,->TiN;-sOx+NO. Both N
recombination and NO formation processes are exothermic, the former may only take place at
very low oxygen coverage [31]. In the case of nitridizing TiO,, the band gap does not get
narrower, instead, N doping induces localized N 2p states inside of the band gap just above the
valence band. N is present as N(lll), which enables the formation of oxygen vacancies at higher
temperatures. The increased amount of O vacancies causes a reconstruction of the rutile (110)
surface. This thermal instability may degrade the surface structure of the material during
applications, which can seriously affect its properties [32].

143.1 Anodic oxidation

Titanium metal can be anodically oxidized to form nanostructured oxide layers on titanium.
Different procedures and parameters used allow changes in the characteristics of the oxide layer
such as morphology, structure, composition, and thickness. With anodic oxidation, the surface-
related properties of titanium and its alloys can be fine-tuned which widens the application
possibilities. Anodic oxidation is generally applied to valve metals (for example Al, Hf, Nb, Ta, Ti,
W, Zr), which are metals that form oxides with ionic conduction and almost perfect electrical
insulation. Anodic oxidation of titanium is still an actively researched scientific field and new
morphologies, functionalities and compositions are being found [33].

Titanium gets naturally passivated with a few nanometres thick film which can be increased
up to hundreds of micrometres with oxidation methods. Nowadays, the anodizing process can
be controlled very well which enables the development of engineered oxidized titanium
surfaces. By imposing a current flow between titanium and a counterelectrode in a solution,
titanium gets polarized and oxidized to Ti** ions. Combined with oxygen ions, an oxide layer is
formed on the metal surface. The oxide film can grow from both ends but growth from the metal
surface is predominant due to easier transport of oxygen ions compared to titanium ions [33].

The formed oxide layers can be divided into three categories based on their properties and
synthesis conditions (Figure 1.5):

e Thin compact films which show interference colours

e Nanotubular films

e Films form high voltage anodization
For nanotubular films to form, the electrolyte usually contains fluoride ions. High voltage
anodization can be called plasma electrolytic oxidation or micro-arc oxidation or anodic spark
deposition [33].
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Figure 1.5: Graph of thickness vs cell voltage with different categories of TiO, films.

Due to an increasingly higher desire for functional materials, surface nanostructuring with
an increased surface-to-volume ratio of titanium oxides is becoming very popular in research.
The first disordered nanoporous titanium oxides were obtained with anodic oxidation in diluted
HF. Since then, many parameters of nanotube morphology, such as length, diameter,
smoothness, and wall thickness, have been achieved. In this way, the surface area can be
increased 100x or more compared to thin compact films. The formation of nanotubular films is
possible because the compactly grown oxide layer gets locally dissolved due to the presence of
fluoride ions. The TiO; layer is chemically attacked and dissolved by the fluoride ions and Ti*
ions form TiFe* ions with fluoride ions which are water-soluble. The fluoride concentration
needs to be carefully controlled in order to not dissolve the oxide layer entirely. Additionally, by
controlling the voltage and length of anodization time, the diameter and length of nanotubes
can be controlled. The length of nanotubes can be up to a few micrometers or even more than
100 micrometers, if polar organic electrolytes are used. The formed nanotubes are usually
amorphous and can be annealed in oxygen to crystallize or in ammonia to form TiON nanotubes
[33].

1.4.3.2 Electrospinning

There are many methods for nanofibre fabrication and electrospinning is probably the most
versatile among them. Electrospinning enables the production of metal, ceramic, polymer and
composite nanofibres directly or with additional processing steps. The advantage of
electrospinning compared to other methods is the ability to form various fibre assemblies which
allows modifications specific to the desired application. The nanofibres can be produced in the
form of nonwoven, aligned or patterned mesh, as three-dimensional structures, or as
convoluted nanofibres [34].

Nanofibres and nanowires have, due to a very small diameter, a very high surface-to-volume
ratio and may therefore drastically improve current technology and be even used in new
applications. Nanofibres can be used in many different fields such as tissue scaffolding, filtration,
protective clothing, nanoelectronics, and nanocatalysis. Compared to other nanofibre
fabrication methods, electrospinning is more versatile, flexible and easier to use. Typically, an
electrospinning setup can consist of only a syringe, a flat tip needle, a conducting collector, and
a high voltage power supply (Figure 1.6) [34].
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Figure 1.6: Typical electrospinning set-up.

The nanofibres form based on the uniaxial stretching of a viscoelastic solution. Electrostatic
forces between the needle and the collector stretch the solution as it solidifies. The formation
of the nanofibre can be continuous as long as there is enough solution to feed the
electrospinning jet. Typically, a solution is fed through a spinneret (needle) where a high voltage
is applied, usually over 5 kV. At critical voltage, the repulsive force within the solution is larger
than the surface tension and a jet erupts from the spinneret. The jet is stable near the tip and
becomes unstable farther away which causes further stretching of the solution jet due to
electrostatic forces and solvent evaporation. Usually, a grounded target (collector) is used to
collect the produced nanofibres. Many parameters can be adjusted to obtain the desired
diameter of the nanofibres and other properties. Parameters that were widely studied are
solution viscosity, concentration, applied voltage, conductivity, humidity, and distance between
tip and collector. Different nanofibre assemblies can be obtained by manipulating the electric
field or by using dynamic collection devices [34].

1.5 Electron Microscopy

Electron microscopes (EMs) use a beam of accelerated electrons as the illumination source. The
beam of electrons is focused using electromagnetic lenses which are analogous to the glass
lenses found in optical microscopes. The resolution of optical microscopes is limited by the
wavelength of visible light and since electrons can have much shorter wavelengths than visible
light, the resolution of EMs is much better compared to optical microscopes. EMs can be used
to investigate various types of inorganic and organic samples on the nano-scale such as metals,
crystals, microorganisms, and cells. There are many types of EM such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), scanning transmission electron
microscopy (STEM), reflection electron microscopy (REM) [35], [36] etc.
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1.5.1 Transmission electron microscopy

In TEM, the accelerated electrons shaped into a parallel beam with electromagnetic lenses are
transmitted through the analysed sample. The electrons interact with the material in the sample
in many different ways which can give us different types of information. The transmitted
electrons are typically detected by semiconductor-based detectors (cameras) or a fluorescent
screen which is located below the sample. In order to obtain information about the sample with
TEM, the electron beam needs to be able to pass through the sample. Therefore, the sample
must be very thin (up to 100 nm) and the accelerating voltage must be high enough so that most
of the electrons do not get absorbed by the material. Materials made from lighter elements
(such as organic materials) absorb fewer electrons and can therefore be thicker, and materials
made from heavier elements (such as inorganic materials) absorb more electrons and therefore
need to be thinner. Due to the very high acceleration voltages of electrons (typically up to
300 kV), their wavelength is much smaller than that of visible light and together with lens
aberration correction, the TEM enables imaging of columns of atoms or even single atoms (SAs).
The TEM has a wide range of applications in the fields of materials science, nanotechnology,
cancer research, virology and others and is considered as a major analytical method [37].

The TEM consists of a vacuum chamber with an electron gun at the top, electromagnetic
lenses, apertures, a sample holder, and detectors at the bottom (Figure 1.7). In order for the
electrons to move freely through the chamber, the vacuum needs to be ultra-high (10 Pa —10
6 Pa). This is achieved with a combination of rotary vane pumps, diffusion pumps and ion pumps
or their equivalents. The electron gun is a cathode which is a source of electrons, typically made
from a W filament in the case of thermionic sources or a sharp W needle or a LaBg single crystal
in the case of field-emission sources. It is connected to a high voltage source which causes the
emission and acceleration of electrons. Next is a series of independent electromagnetic lenses
which together with apertures shape the electron beam to achieve the desired output image. In
between, there is the specimen chamber with the specimen holder. Typically, the sample is put
on a standardized TEM grid which is put on the specimen holder and inserted into the specimen
chamber. For electron detection and imaging, special detectors such as charge-coupled device
cameras or direct electron detectors and fluorescent screens are used at the bottom of the
microscope. Besides imaging, electron diffraction is also possible with a few changes of the
configuration of the electromagnetic lenses [37].
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1.5.2 Scanning electron microscopy

In SEM, the electron beam is focused into a point and scanned over the surface of the sample to
form an image. The electrons interact with the atoms in layers near the surface of the sample
and produce signals which are then detected to produce the image and give information about
the size, shape, and composition. Similarly to TEM, the electrons are accelerated from the
electron gun through the vacuum chamber and shaped by electromagnetic lenses and
apertures. Then they interact with the sample and different signals are detected above the
sample. Instead of transmitting through the sample, the electrons are backscattered or form
secondary electrons, auger electrons, x-rays, or light. The acceleration voltage is lower
compared to TEMs (1 kV — 30 kV) and it dictates the size of the interaction volume of the
electrons with the sample (Figure 1.8). A smaller interaction volume means better resolution
and a bigger interaction volume gives information from layers deeper under the surface of the
sample. With different configurations and add-ons, the SEM can be used to observe specimens
in variable pressures and temperatures [38].
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1.5.3 Scanning transmission electron microscopy

STEM is a sort of a combination of SEM and TEM modes and can be found as an operational
mode in TEMs as well as SEMs. In STEM, the electron beam is focused into a point and scanned
across the sample. Like in TEM, the sample needs to be transparent for electrons but because
the beam is focused into a point and scanned over an area of the sample, additional signals can
be detected and spatially reconstructed as opposed to TEM where the beam is parallel and hits
a large area of the sample at the same time. The additional signals are scattered primary beam
electrons which enable Z-contrast imaging, x-rays, and electron energy loss events. Elemental
analysis of the samples on the nanoscale is possible with additional detectors which enable
analytical methods such as EELS and energy dispersive x-ray spectroscopy (EDXS) [37].

1.5.4 Electron energy loss spectroscopy

The electrons in STEM have a very narrow distribution of energies (in the range of 0.5 eV -1 eV
at for example 200 keV) and when they pass through the sample some of them interact with the
material and lose some energy characteristic to the type of interaction. Some of the interactions
include plasmon and phonon excitations, Cherenkov radiation, and inner shell ionizations. Inner
shell ionizations are characteristic to the element in which they happen and can therefore be
used for qualitative and quantitative elemental analysis of the sample. What is more, the energy
needed for the inner shell ionization also depends on the immediate environment of the ionized
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atom and can therefore tell us something about the oxidation state of the element and types of
chemical bonds. The obtained spectra from EELS can have an energy resolution better than 1 eV.
Besides the elemental analysis, EELS can also be used to measure the thickness of the sample
based on the ratio of electrons with no energy loss and all other electrons [37].

1.5.5 Energy dispersive x-ray spectroscopy

When the accelerated electrons in STEM transmit through the sample, some of them interact
with the material and produce secondary emissions due to inner shell ionizations. One of these
emissions are x-rays characteristic to each element which enables a qualitative and quantitative
elemental analysis of the sample. Because the sample is very thin, the interaction volume is very
small and thus a high spatial resolution is achievable (~¥1 nm). Compared to EELS, the energy
resolution of EDXS is worse (more than 100 eV) and is less appropriate for analysis of lighter
elements (for example C, N, O) [37].

1.5.6 Identical location electron microscopy

Identical location (IL) EM is a quasi in-situ method that enables a localized analysis of structural
and compositional changes of the sample (on the nanoscale) in the IL before and after a change
in the sample (synthesis step, degradation, change of conditions etc.) and brings new insights to
mechanisms of change where in-situ measurements are limited or difficult to perform (for
example reactions in liquid environments such as catalytic WE). Its advantage to ex-situ EM
analysis is that the structural and compositional changes do not need to be statistically
evaluated on a large number of changes but can be followed on individual particles in detail
(even on the atomic level) to better understand the underlying mechanisms [39]. It was first
developed by Mayrhofer et al. in 2008 [40] for the analysis of structural changes in Pt/C catalysts
in PEM fuel cells (PEMFCs) and developed further since to be used in other types of FCs,
batteries, WE, electrochemical synthesis, and heterogeneous catalysis [39].

1.6 Nanolab Concept — A Method for Analysis at the Nanoscale

Nanolab is a unique experimental platform that allows a detailed understanding of how the
catalyst structure and composition dictate stability and activity, and how the local structural
changes control catalyst performance during the electrochemical reaction. This is an important
step towards expedited development of electrocatalysts because it enables observation of
events on the nanoscale before and after electrochemical biasing as well as before and after
catalyst synthesis. This Nanolab platform allows for tracking, observation, and detailed
understanding of how electrocatalyst’s local surface, structure, morphology, and composition
change at the atomic level.

Since electrochemical methods are typically not coupled with spectroscopic and IL-EM
methods used to evaluate changes in electrocatalysts, it is a challenge to interpret the produced
electrochemical results and isolate how nanoparticles changed during electrochemical testing.
A good approach to overcome this is to couple IL-TEM with electrochemical analysis. A wet
impregnation method is mostly used to immobilize the electrocatalyst on the TEM grid for the
IL-TEM technique. The electrocatalyst is then characterized with a floating electrode setup
where the TEM grid is placed on the surface of the electrolyte solution and acts as a working
electrode [41]. This setup is very effective at removing gas bubbles which form during the
electrocatalytic reaction and enables reliable and fast electrochemical characterization. What is
more, the floating electrode setup allows us to follow the structural and compositional changes
of an electrocatalyst at an IL before and after electrochemical treatments at different
magnifications.

Electrocatalysts on floating electrodes prepared by the wet impregnation method have the
disadvantages of not being completely stable since they are not strongly attached to the TEM
grid substrate, the dispersion of the catalyst film is not homogeneous throughout the entire TEM
grid, it is more challenging to analyse the catalyst — support systems and the catalyst cannot be
characterized after each synthesis step [42]. Anodic oxidation of the TEM grid to form a
nanotubular support can eliminate all these disadvantages. If used, the anodically oxidized TEM
grid acts as a high-surface-area support for the electrocatalyst that is strongly attached to the
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TEM grid. Anodic oxidation of many different transition metals can be done [43]-[47] which has
been demonstrated for differently shaped metals but not TEM grids [48]—[51]. The support
needs to be electrically conductive which can be achieved by nitridating the formed TiO; on the
TEM grid to obtain TiON.

Iridium nanoparticles are often dispersed on a high surface area support [52], [53], [62],
[54]-[61]. However, many of the interactions between the catalyst and support are not yet well
understood and they can potentially influence the electrochemical performance. In the case of
TiON in conjunction with iridium catalyst, many of these interactions were already studied.
Highly dispersed iridium nanoparticles [63] on nanotubular [64] or nanoribbon-like supports [65]
and strong metal-support interactions (SMSI) [66], [67] have been already documented. Still,
more insights on the suitability of TION as an OER support are needed. One of the fundamental
questions that needs to be resolved is how can TiON resist oxidation during OER conditions. Can
the electrocatalyst play a role in this? By analysing the structural and compositional changes of
the support as well as of the electrocatalyst itself, we can find answers to these questions.

The correct interpretation of the data obtained with IL-EM is crucial for understanding
degradation mechanisms of electrocatalyst — support systems. To understand how a
nanoparticle changes during the experiment, the images before and after an electrochemical
treatment need to be compared. Following structural changes at the atomic level can be time-
consuming and, to some degree, also subjective. Therefore, developing computer algorithms to
analyse IL-EM images would be very advantageous [68]. Such algorithms were already used for
ORR catalysts [69], but not for OER catalysts, to the best of our knowledge.

1.7 TiON Nanofibres

For applications such as supports for electrocatalysts in electrolysers, fast charge transfer and a
large surface area are very desirable properties. Nanowires and nanofibres, which are 1D
nanomaterials, offer some structural advantages. They have a low aspect ratio (dmin/dmax) and
therefore fewer phase boundaries which enables a much higher electrical conductivity
compared to other types of nanomaterials. These 1D nanomaterials have also a relatively very
high surface area on which the electrocatalyst nanoparticles can be supported and keep a good
electrical connection. Nanofibres are used in various applications such as photovoltaics,
biosensors, tissue engineering, supercapacitors, hydrogen storage, fuel cells, water filters and
more [70].

When considering nanofibres and nanowires for electrocatalytic applications, one of the
most important properties is how good they conduct electricity. Many different methods can be
used to measure the electrical conductivity of nanowires and nanofibres. According to the type
of electrical measurement, the methods can be categorized into four categories: Impedance
[71], Hall effect [72], two-probe electrical conductivity [73], and four-probe electrical
conductivity [73], [74]. Electrical conductivity measurements can also be categorized by sample
size: Single nanofibre/nanowire [75], [76], array of nanofibres/nanowires) [77], or bulk
measurement [74].

Different types of nanofibres/nanowires with compositions related to TiON have been
fabricated and their electrical conductivity was determined, such as TiO,-based (TiO;[78], TiO2Ny
[71]), polymer-TiO; hybrid (PMMA/TiO; [79]), TiN-based (TiN [80], TiN/Cu [81]), and C hybrids
(TiO2/TiON/C [74], TiC/C [82]).

Other TiON nanomaterials with different structures and morphologies have been
synthesized with their electrical properties determined, such as nanoparticles [83], [84], thin
films [85]—[87], nanorods [88], [89], and nanostructures [90].

Specifically 1D TiON nanomaterials have also been researched with their electrical
conductivity and other electrical properties measured [72], [76], [91]. Dong, J. et al. produced
mesoporous TiON nanowires to be used as an anode in sodium electrochemical hybrid
capacitors. The mesoporous TiON nanowires were produced by nitridating hydrogen titanate
nanowires and the conductivity measurement was 3000 kS/m measured on a single nanowire
via a two-probe conductivity measurement [76]. Chen, T. T. et al. fabricated TiON sheets which
are flexible and porous and consist of TION nanofibres. They were synthesized via a two-step
process (nitridation after hydrothermal reaction) and used as an electrochemical electrode with
the potential to be also used in supercapacitors. The bulk conductivity of the TiON sheets was
from 1.66 kS/m to 31.45 kS/m measured using the Hall-effect measurement [72]. Noh, Y. et al.
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fabricated 1D TiON nanowires to be used in electroreduction of oxygen and capacitive charge
storage. The TiON nanowires were synthesized in two steps, electrospinning and nitridation and
the electrical properties of the bulk sample were measured with impedance spectroscopy which
showed that the electrical conductivity of TION nanowire is increased due to the carbon species
present [91].
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Chapter 2

Aims and Hypothesis

The purpose of the dissertation is to evaluate the feasibility of TiON as a support for iridium (Ir)-
based electrocatalysts for water electrolysis, finding methods to characterize the properties of
TiON (N/O ratio, electrical conductivity) and determine the electrochemical stability of TiON
support and TiON-Ir support-catalyst system based on electron microscopy imaging of the IL.
Currently, electrocatalysts for water electrolysis use high amounts of precious metals and/or
are not very stable in the long run. Carbon-supported electrocatalysts are not very promising
regarding long-term stability, as they degrade into gaseous CO,. Our main goal is to explore if
TiON is a better alternative to carbon supports regarding the stability and regarding the
reduction of the precious metal use. These goals will be reached with thorough characterization
of TiON and TiON-Ir with different methods before and after electrochemical degradation and
with the explanation of the processes during degradation using IL-STEM on the atomic scale.

1. By developing specific synthesis procedures we can produce TiON with different chemical
compositions, electrical and electrochemical properties, and morphologies which can be used
for different applications and analyses. Nanoparticles can be used for classical catalyst systems
and bulk characterization techniques, nanotubes from anodic oxidation for IL experiments and
nanofibres for self-standing catalytic textiles and single nanofibre electric conductivity
measurements. The determination N/O ratio of TiON can help us to evaluate this nanomaterial
and compare different TION nanomaterials to each other. By determining the N/O ratio of the
synthesized samples, the synthesis procedures can be tweaked to obtain the desired N/O ratio
and properties of TiON.

2. TiON is viable as a nanomaterial for the use as a support for Ir-based electrocatalysts for
water electrolysis to reduce precious metal use and increase long-term stability. By dispersing Ir
nanoparticles on TiON support we reduce the amount of Ir needed and also because of the
synergistic effect between Ir and TiON the same amount of Ir is more electrocatalytically active.
Contrary to carbon-based supports, which react with oxygen to form gaseous carbon dioxide,
TiON reacts with oxygen to form titanium dioxide, which is a stable solid compound.

3. Using IL electron microscopy and analysis techniques is a great way to see what is happening
to the TiON support and Ir electrocatalyst on the atomic scale and can tell us more about
electrochemical stability. By studying the samples before and after electrochemical degradation
we can explain the degradation mechanisms of TiON and Ir and by understanding the
degradation mechanisms we can improve the catalyst — support system.
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Chapter 3

Materials and Methods

3.1 Synthesis of TION Nanopowders for N/O Ratio Determination

A series of TION nanopowder samples was synthesized from TiN nanopowder (>99.2 %, 20 nm,
US Research Nanomaterials, Houston, TX, USA) to obtain TiON nanopowder samples with
different N/O ratios. For each sample, 50 mg of TiN was thermally treated in air. The
temperature was increased with a rate of 7 °C min™ to 120 °C for 1 h, then with a rate of 5 °C
min! to 300 °C, kept at 300 °C for x h, and cooled with a cooling rate of 5 °C min™! to room
temperature. In total, 7 samples were prepared in this way with x being 1 h, 2h,3 h,6h, 12 h,
24 h, and 48 h. Additionally, the original TiN nanopowder was also used as an untreated sample
(0 h).

3.2 Synthesis of TION Nanotubular Structures and TiON-Ir Catalyst —
Support Systems for Identical Location Analyses

3.2.1 Synthesis of TION nanotubular structures as a support for small Ir nanoparticles

The Ti TEM grid (3.05 mm diameter, 400 mesh, Structure Probe Inc., West Chester, PA, USA) was
in the first step subjected to anodic oxidation at constant potential in a two-electrode
electrochemical cell which consisted of a stainless steel counter electrode and an anodization
electrolyte. The anodization electrolyte solution consisted of 0.3 wt. % NH4F (99.99 %, Merck
KgaA, Darmstadt, Germany) and 2 vol. % deionized water in ethylene glycol (99.5 %, Carlo Erba
Reagents, Emmendingen, Germany). The anodizing time was 30 min and the anodizing voltage
was 40 V. The anodization of the small titanium TEM grid was possible due to the development
of a special anodization apparatus. The grid was inserted into the apparatus, sealed, and
connected to an electrical contact. The procedure produced an amorphous TiO, nanotube film
on the TEM grid itself. The TEM grid was then washed with deionized water and dried in a
nitrogen atmosphere. The anodized TEM grid was annealed at 450 °C in air for 1 h to heighten
the mechanical stability of the TiO, nanotubular film. A second annealing was performed
afterward in an ammonia atmosphere at 700 °C for 2 h (the heating and cooling rate was
5 °C min™?). This step converted the crystalline TiO, nanotubular arrays into the TiON substrate.
The flow of pure ammonia gas was 50 cm® min™! at a pressure of 1 atmosphere. One sample of
TiON support was prepared in this way.

3.2.2 Addition of small Ir nanoparticles

After the synthesis of the TiON substrate, the iridium nanoparticles were deposited on top by
the following procedure. First, 15 mg of IrBrsexH,O (Sigma-Aldrich, St. Louis, MO, USA) were
dissolved in 1.5 mL of deionised water at 50 °C. Then, the solution was applied on the TiON
substrate with the dip coating method with a withdrawal speed of 1 cm s™* and subsequent
drying at 50 °C. The sample was afterward thermally treated in a 5 % H,/Ar gas mixture. The
temperature was increased with a rate of 2 °C min™ to 400 °C, kept at 400 °C for 1 h, and cooled
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with a cooling rate of 3 °C min™ to room temperature. One sample of TiON-Ir catalyst — support
system was prepared in this way.

3.2.3  Synthesis of TION nanotubular structures as a support for big Ir nanoparticles

The procedure was the same as in 3.2.1 except the temperature in ammonia atmosphere was
730 °C.

3.2.4 Addition of big Ir nanoparticles

In the next step, Ir nanoparticles were deposited on the TiON support by using the dip coating
method. The TEM grid was dipped halfway in the water solution of IrBr;exH,O with a
concentration 20 mg ml™. The withdrawal rate was 1 cm s and the TEM grid was subsequently
dried at 50 °C. The sample was then thermally treated at 700 °C for 15 min in a 5% H,/Ar
atmosphere. The heating and cooling rate was very fast, 100 °C min~%. One sample of TiON-Ir
catalyst — support system was prepared in this way.

3.3 Synthesis of Carbon TION Nanocomposite Nanofibres for Electrical
Conductivity Measurements

To prepare carbon TiON nanocomposite nanofibre (CTION-NCNF) fabrics for the microstructure
analysis, composition, and in situ four-probe conductivity measurements, a procedure was
chosen that produces CTiON-NCNFs with a wider diameter distribution. In this way, single
CTiON-NCNFs suitable for the measurements could be chosen more easily. A polymer solution
was prepared from 1.7 g TIP, 0.8 g PVP, 4.2 g ethanol, and 3.3 g acetic acid. First, PVP was
dissolved in ethanol and then TIP and acetic acid were added. To feed the polymer solution to
the needle, a syringe pump (model R-99E, RazelTM, Linari Engineering, Pisa, Italy) was used, with
a flow rate of 763 uL h™*. At the needle, a voltage of 10.0 kV was achieved with a voltage
generator (model HVG-P60-R-EU, Linari Engineering, Pisa, Italy). A voltage of +10.0 kV was
applied to the needle that was positioned 15 cm away from the nozzle. Electrospinning was
performed at 21 % relative humidity and 23 °C. The sample name CTiON-NCNF1 will be used
where this type of CTION-NCNFs was used (1% sample).

For capacitance and sheet resistivity measurements, a procedure was chosen that produces
CTiON-NCNFs with a narrower diameter distribution. This was done to compare the sheet
resistivity results and the theoretical model. A polymer solution was prepared from 1.0g
titanium (IV) isopropoxide (TIP, 97 %, Merck KgaA, Darmstadt, Germany), 0.6g
Polyvinylpyrrolidone F90 (PVP, BASF, Ludwigshafen, Germany), 6.4 g ethanol absolute (ethanol,
Merck KgaA, Darmstadt, Germany), and 2.0 g glacial acetic acid (acetic acid, Merck KgaA,
Darmstadt, Germany). First, PVP was dissolved in ethanol and then TIP and acetic acid were
added. The nanofibres were synthesized with the electrospinning method using a Spinbox
system (Biolnicia, Valencia, Spain). The syringe with the polymer solution was connected to the
pump, which generated a flow rate of 800 pL h™. A high voltage of +14.5 kV was applied to the
needle which was positioned 15 cm away from the nozzle. Electrospinning was performed at
50 % relative humidity and 26 °C. The sample name CTiON-NCNF2 will be used where this type
of CTiION-NCNFs was used (2" sample).

To make the electrospun nanofibres electrically conductive, a thermal treatment in an
ammonia atmosphere was done. The heating rate was at first 2 °C min™ up to 250 °C and was
kept at 250 °C for 1 h, then heated again at a heating rate of 5 °C min™! to 700 °C and was kept
at 700 °C for 2 h, and then cooled with a cooling rate of 5 °C min™! to room temperature. The
flow of ammonia gas was 50 cm® min™,

3.4 Sample Preparation of CTION-NCNFs

3.4.1 Resistivity of single CTION-NCNF1s

A small piece of the CTION-NCNF1 fabric was put into MiliQ water and broken up with tweezers
and vigorous mixing into tinier pieces. The suspension was mixed with a few 100 mL of MiliQ
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water. The suspension was left to settle down. The excess water was decanted. This removed
smaller pieces of nanofibres and other impurities. With a pipette, 2 uL of the suspension was
drawn and put on the Protochips Electrical E-chip (finger configuration—fusion select,
Protochips inc., Morrisville, NC, USA) with the drop coating method as close to the electrical
contacts as possible and the drop was left to dry. The platinum contacts connecting the CTiON-
NCNF1 with the chip electrical contacts were made in the Helios Nanolab 650i Dual-beam
focused ion beam (FIB) SEM (FIB-SEM) system (Thermo Fisher Scientific, Waltham, MA, USA).
The E-chip with the connected CTiON-NCNF1 was put on Protochips Fusion select holder
(Protochips inc., Morrisville, NC, USA), inserted into a TEM, and connected to Protochips
Aduro™ power supply (Protochips inc., Morrisville, NC, USA) for in situ four-probe electrical
measurements.

3.4.2 Bulk resistivity of nanofibre fabric

The van der Pauw method [92], [93] was used to measure sheet resistivity of CTION-NCNF2
fabric samples. Sheet resistivity of solid samples of any shape can be accurately measured with
this method. The samples were cut into a 10 mm x 10 mm x 30 um square and attached with a
conductive silver paste to a square printed circuit board with pins soldered to copper in all four
corners. This setup enables a good electrical connection between the measuring equipment and
the fragile sample. A multichannel potentiostat BioLogic VMP3 (Biologic, Seyssinet-Pariset,
France) was used for the measurements.

3.4.3 STEM, EELS and STEM EDXS analysis

The sample needed to be prepared in two ways. To analyse individual CTION-NCNF1s, a small
piece of the fabricated CTiON-NCNF1 fabric was rubbed onto a TEM grid (lacey carbon on
copper, mesh 300, Structure Probe Inc., West Chester, PA, USA) with a toothpick. Compressed
air was used to blow away excess material. To make a FIB lamella of the cross-sections of CTiON-
NCNF1s, 2 uL of the suspension (prepared in the same way as for electrical measurements of
single CTiON-NCNF1s) were drop-coated on a piece of silicon wafer and dried. The prepared
sample was further treated in the FIB-SEM. A location on the CTiON-NCNF1s fabric was chosen
where a couple dozen of CTION-NCNF1s were parallel to each other. The CTION-NCNF1s were
covered with a thick layer of platinum and Ga ion sputtering was used to cut out a lamella. The
lamella was attached to a lift-out TEM grid (Omniprobe, 3 post, copper, Structure Probe Inc.,
West Chester, PA, USA) and Ga ion sputtering was used for additional thinning.

3.5 Electrochemical Characterization and Degradation

3.5.1 TEMgrids

A modified floating electrode (MFE) apparatus was used for electrochemical experiments [94]
on TEM grids. The two-compartment cell (H — cell) was separated by a Nafion membrane (Nafion
117, FuelCellStore, College Station, TX, USA) (Figure 3.1). The MFE apparatus consists of a gas
diffusion layer (GDL, 280 um thickness) with 40 % Teflon weight wet proofing (Toray Carbon
Paper 090, FuelCellStore, College Station, TX, USA), a two-piece Teflon housing which is
assembled with Tekka Peek screws (Tekka Peek, Nufringen, Germany), a metallic spring which is
inserted between two metallic cones, and the TiON-Ir TEM grid which is used as the working
electrode. The GDL serves as a separator between the electrolyte and the metallic cones and
spring, which are used as electric contacts. A Pt mesh (50 mm x 50 mm, GoodFellow,
Cambridgeshire, England) and a reversible hydrogen electrode (HydroFlex®, Gaskatel, Kassel,
Deutschland) were used as counter and reference electrodes, respectively. To prevent Pt
deposition on the TEM grid, the counter electrode was placed in a separate compartment. As an
electrolyte, a freshly prepared 0.1 M perchloric acid (HCIO4, 70 % Rotipuran Supra, Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) was used. The acid was diluted with MilliQ water. The
system was purged with inert Ar gas through a tube that was inserted in the holes of the MFE
Teflon housing. The TEM grid was imaged with STEM before it was electrochemically treated.
Different TEM grid samples underwent different electrochemical treatments.
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Figure 3.1: Schematic presentation of modified floating electrode setup. working electrode
(WE), reference electrode (RE), and counter electrode (CE).

3.5.1.1 TiON TEM grid

At first, the TiON sample was assessed with a voltammetric pretreatment (300 mV/s, 0.05 V —
1.45V) to confirm proper electrochemical contacting. Then, the TiON sample underwent
potentiostatic degradation at 1.6 V for 30 minutes. After that, the electrocatalytic performance
was determined by linear sweep voltammetry (LSV) measurement (20 mVs?). No Faradaic
response under OER-relevant potentials was observed for the TiON sample which was expected
based on past research (data not shown) [95].

3.5.1.2 TiON-Ir TEM grid with small Ir nanoparticles

The TiON-Ir sample underwent two different electrochemical protocols. The same as with the
TiON sample, proper electrochemical contacting was assessed in the beginning with a
voltammetric pretreatment (300 mV/s, 0.05V — 1.45V). Electrocatalytic performance was
determined after that by LSV measurement (20 mVs?, Figure 4.9b). To avoid the accumulation
of evolved oxygen bubbles on the Ir-based analogue, the same protocol was slightly modified.
The catalyst surface could be blocked by bubbles and lead to misleading results [96]. The
protocol was 20 x 5 min potentiostatic intervals at 1.55 V which were interrupted with 2 min
steps at 0.78 V (this square-wave degradation protocol is going to be referred to from here on
as SW-DP). After that, a more rigorous electrochemical protocol was employed. A voltammetric
perturbation with a widened potential window was selected (150 cycles, from 0.05 V to 1.6 V).
This cyclovoltammetric degradation protocol is going to be referred to as CV-DP from here on
[97]-[99].

3513 TiON-Ir TEM grid with big Ir nanoparticles

The electrochemical protocol for the TiON-Ir sample with big Ir nanoparticles consisted of a
potentiostatic hold at 1.6 V for 30 min in the first step. Catalyst activity was measured with 3
consecutive cycles with a scan rate of 10 mV/s between 1.2 V and 1.6 V before and after the
potentiostatic hold. Next, STEM was used for structural characterization. In the next step, 3



3.6 Scanning Transmission Electron Microscopy, Electron Energy Loss Spectroscopy, and Energy
Dispersive X-Ray Spectroscopy 25

cycles of a dynamic degradation protocol were used. Each of the 3 cycles consisted of intervals
at 0 mA cm™ (45 s) and 5 mA cm™ (30 s) which were repeated 60x. The system was purged with
Ar after each cycle at open current potential (OCP) for 10 min. After that, 20 cyclic
voltammograms with a scan rate of 300 mV/s between 0.05V and 1.45V were recorded to
follow the structural changes of Ir. Catalyst activity was measured before and after the dynamic
degradation protocol in the same way as for the potentiostatic hold. Ohmic drop compensation
of 85% was applied during all experiments. Structural characterization with STEM was
performed again as the final step.

3.5.2 Nanofibres

The sample with dimensions 10 mm x 10 mm x 30 um was put onto a gas diffusion layer (GDL,
Spectracarb 2050A-1050, FuelCellStore, College Station, TX, USA) which served as a structural
support and on top of that a Nafion 117 membrane (FuelCellStore, College Station, TX, USA) was
put which ensured a good proton flow and prevented cell leakage. 4 M HCIO, (Suprapur, Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) was used as the electrolyte. Pt mesh was used as the
counter electrode. Cyclic voltammetry (CV) was measured at a scan rate of 10 mV/s from -0.15 V
to 0.9 V. Electrochemical impedance spectroscopy (EIS) was performed from 1 MHz to 0.1 mHz
with a PARSTAT 2273 potentiostat (Advanced Measurement Technology inc., Oak Ridge, TN,
USA). A Biologic SP-300 potentiostat (Biologic, Seyssinet-Pariset, France) was used to obtain the
charge—discharge curves at constant currents (4 Ag™, 10 Ag™%, 20 Ag™?, 40 Ag™}, 60 Ag™?) from
0.05V — 0.9 V. The areal mass loading was 1 mg/cm? and the area exposed to the electrolyte
was calculated to be 0.07 cm?.

3.6 Scanning Transmission Electron Microscopy, Electron Energy Loss
Spectroscopy, and Energy Dispersive X-Ray Spectroscopy

STEM imaging was performed in a probe Cs-corrected TEM Jeol ARM 200 CF (JEOL Ltd., Tokyo,
Japan), equipped with a GATAN Quantum ER dual-EELS system (Gatan Inc., Pleasanton, CA, USA)
and a silicon drift detector (SDD) JEOL Centurio energy-dispersive X-ray (EDX) spectrometer
(JEOL Ltd., Tokyo, Japan). An operational voltage of 80 kV was employed. The images were taken
in STEM mode (bright field (BF) and high angle annular dark field (HAADF)), probe size 6 C, 8 cm
effective camera length, imaging angles were 68 mrad — 175 mrad. EELS analysis was done at
probe size 6 C, 3 cm effective camera length, EDXS analysis was done at probe size 2 C, 8 cm
effective camera length.

3.7 Scanning Electron Microscopy and Energy Dispersive X-Ray
Spectroscopy

SEM and SEM EDXS were carried out using a field emission SEM (FE-SEM) Zeiss Supra TM 35 VP
(Carl Zeiss AG, Oberkochen, Germany), equipped with an EDX spectrometer silicon drift detector
(SDD) EDX Ultim Max 100 (Oxford Instruments, Oxford, UK). CTION-NCNF2 and CTiON-NCNF1
samples were analysed. TEM grid samples were put on a STEM holder and nanofibre and
nanopowder samples were put on carbon tape. The operational voltage for SEM was set to 1 kV—
5 kV, working distance was 4 nm — 5 mm, aperture size was 30 um, and the detector was a
secondary electron detector and a back-scattered electrons detector. The operational voltage
for SEM EDXS was 7 kV, working distance was 8.5 mm, and aperture size was 60 um.

3.8 X-ray Photoelectron Spectroscopy

The XPS analyses were carried out on the PHI-TFA XPS spectrometer (Physical Electronics Inc,
Chanhassen, MN, USA). The analysed area was 0.4 mm in diameter. Analysis depth by the XPS
method is about 3 nm — 5 nm. Monochromatic Al X-ray beam of energy of 1486.6 eV was used
for excitation. The accuracy of binding energies was about + 0.3 eV. Quantification of surface
composition was performed from XPS peak intensities taking into account relative sensitivity
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factors provided by instrument manufacturer [100]. For TEM grids, surface composition and
chemical status was analysed. Two measurements on every sample were performed. For TiON
nanopowders, the surface of samples was analysed.

3.9 Raman Spectroscopy

Raman spectra were obtained using a confocal WITec alpha 300 spectrometer (WITec GmbH,
Ulm, Germany). The spectra were recorded with a green 532 nm laser excitation wavelength.

3.9.1 Nanopowders

The nanopowders were deposited on a silicon wafer substrate and focused with a 20x objective.
The spectra were recorded using an integration time of 1 s and 100 consecutive scans. Three to
four spectra were measured at various positions on each of the powdered samples and the most
representative were selected.

3.9.2 Nanofibres

Number of scans was 100 with an integration time of 1 s. The spectra were recorded on two
different sites. At each site, four spectra were measured subsequently using the increasing laser
powers of 0.3 mW, 0.6 mW, 1.4 mW, and 3.4 mW.

3.10 X-Ray Diffraction

X-ray diffractograms of the samples (TiON nanopowders, CTiON-NCNF2, and NH;Br) were
recorded with a PANalytical X’"Pert PRO MPD X-ray powder diffractometer (PANalytical B.V.,
Almelo, the Netherlands). The radiation wavelength used was Cu K« 1 = 1.5406 A in the «1
configuration with a Johansson monochromator on the primary side.

3.11 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) of the samples (TiON nanopowders and CTiON-NCNF1 fabric)
was performed in NETZSCH, model STA 409 C Simultaneous Thermal Analyser (NETZSCH-
Geratebau GmbH, Selb, Germany). Analysis was performed in an oxygen atmosphere in a Pt
crucible. The heating rate was 10 °C/min and maximum temperature was 1100 °C.

3.12 CHNS Elemental Analysis

CHNS elemental analysis of the samples (TION nanopowders and CTiON-NCNF1 fabric) was
carried out with a PerkinElmer® 2400 Series Il CHNS/O Elemental Analyzer (PerkinElmer inc.,
Waltham, MA, USA).

3.13 Optical Microscopy

Optical microscopy was done using an Optika Microscope SZM-B (Optika S.r.l.,, Ponteranica,
Italy).

3.14 Density Functional Theory Simulations

The PWscf code from Quantum ESPRESSO [101] was used to perform the calculations using the
GGA+U method [102], [103] with the exchange-correlation functional (ECF) of Perdew—Burke—
Ernzerhof (PBE) [104]. Kohn—Sham orbitals were expanded in a plane-wave basis set with a
kinetic energy cut-off of 50 Ry (575 Ry for the charge density). Projector-augmented-wave
(PAW) potentials [105] were used which were obtained from pslibrary [106]-[108]. For Ti ions,
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the U parameter was calculated from a TiON bulk structure self-consistently. The hp.x code that
utilizes the density-functional-perturbation-theory (DFPT) scheme [109] was used. The TiON
bulk model was taken from literature [66]; the crystal structure is a rock-salt type with Ti cations
with 25 % of Ti-vacancies and two interpenetrating fcc latices of N/O anions. There is 1 Ti-
vacancy in the unit cell and seven atoms (3Ti, 2N, 20). Therefore, the stoichiometry of this TION
bulk model is Ti; sON (or TisO2N3). The TiON bulk cubic unit cell can be seen as a TiN(001) layer
and a TiO(001) layer. The Ti-vacancy can therefore be located in either of the two layers (Figure
A.12). The two “ordered” structures, based on the unit cell with a Ti-vacancy in either the
TiN(001) or the TiO(001) layer, are labelled as Ti-vacy and Ti-vaco, respectively. The Ti-vacy and
Ti-vaco structures have an almost identical calculated lattice parameter (4.17 A) and a very
similar self-consistent value of the effective U parameter, 3.9 eV and 4.0 eV, respectively.
Brillouin zone integrations (BZl) were performed with the Methfessel-Paxton smearing (MPS)
[110] of 0.01 Ry and a 4x4x4 k-mesh which was uniformly shifted for the cubic unit cell of the
TiON bulk. For other calculations, k-grids had comparable quality, except for Ir nanoparticles on
TiON support calculations. These were performed with only the I k-point.

Experiments from previous research [66] revealed that the majority surface of the TiON
substrate is (111), that is why we modelled the (111) surface with symmetric non-polar slabs
which consisted of five Ti-layers terminated by an N/O layer on both sides of the slab. A minority
of the calculations were performed using slabs containing 100 % of the N and O ions in the
surface N/O layer and a majority of calculations were performed using stoichiometric slabs
containing 50 % of N and O ions in the surface N/O layer.

To calculate the adhesion energy of Ir nanoparticles (NPs) on TiON support, the following
equation was used:

E.ah = Eir, ytion — Etion — Eir, (3.1)

where E._/rion, Erion, and ), are total (potential) energies of the relaxed Ir,/TION(111) system,
relaxed bare TiON(111) slab, and relaxed standalone Ir, nanoparticle, respectively.

The following strategy was utilized to determine if Ir NPs diminish the driving force to replace
N atoms with O atoms. First, the adhesion energy of an Ir NP on a “pristine” TiON(111) surface
(EN,) was calculated. After that, on the surface below the NP, 2n N atoms were
stoichiometrically replaced by 3n O atoms and the adhesion energy (Ea%h) was calculated again.
The Ir-induced N preference was finally calculated as:

A= Exy — Eqin (32)

According to this definition, positive values of A indicate that Ir NPs destabilize the “pristine”
TiON structure for replacement of N atoms by O atoms and vice-versa for negative values of A.

For Ir SAs, similar to Ir NPs, the Ir-induced N preference was calculated. The adhesion (or
binding) energy for an Ir atom which is in a Ti-vacancy is calculated in the same way as in Eq.
(3.1),i.e.:

Ey, = Erionar — Erion — Eir (3:3)

where the energy terms mean something similar as in Eq. (3.1), except that here a single Ir atom
is considered, and TiON can also be considered as a bulk structure. The Ir-induced N preference
was calculated as a difference between the pristine E} and the O-replaced EY. For E?, one N
atom was exchanged with one O atom (the replacement of N with O was done in a 1:1 ratio).
The Ir-induced N preference was finally calculated as:

Ay = EY —EP (3.4)

where the subscript 1:1 indicates that a single N atom was exchanged with one O atom. The A1
value measures the Ir-induced N preference of an Ir SA per replaced single N atom.
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3.15 Programmes Used

Fiji (Imagel) [111] programme (version 1.530, Wayne Rasband and contributors, National
Institutes of Health, USA) was used to determine the dimensions of the CTiON-NCNF2s and
CTiON-NCNF1s. A custom-made programme was used to determine the nanoparticle size
distribution (as equivalent radii) of CTiON-NCNF1ls. To generate the XRD diffractogram,
CrystalDiffract®, a powder diffraction programme for Mac and Windows (version 9.1.4(633),
David Palmer, CrystalMaker Software Ltd., Oxford, England, www.crystalmaker.com, access
date 23 June 2022) was used. The DTSA-Il programme [112] (version Kelvin 2018-06-01, Nicholas
W. M. Ritchie, Microanalysis Group, National Institute of Standards and Technology,
Gaithersburg, MD, USA) was used to simulate the EDXS spectrum. The Jeol AnalysisStation®
programme (version 3, 8, 0, 34, JEOL Ltd., Tokyo, Japan) was used to quantify the at. % from
STEM EDXS spectra. The Gatan Digital Micrograph programme (version 2.32.888.0, Gatan inc.,
Pleasanton, CA, USA) was used to calculate the at. % of elements obtained from EELS.

3.15.1 Image processing algorithms

Segmentation of Ir nanoparticles on images (for TiON-Ir samples with small and big Ir
nanoparticles) was done using a custom-made algorithm which is based on adaptive
thresholding. Manual correction was used to correct discrepancies from the ground. All code
was written in Python (version 3.8.5, Python Software Foundation, Beaverton, OR, USA)
programming language using open-source libraries. The information about their area,
circularity, and nearest neighbour distance was collected with Fiji (imagel). Statistics were done
in Excel (Microsoft Office Professional Plus 2010, version 14.0.7268.5000, Microsoft, Redmond,
WA, USA).

To analyse atomically resolved IL-STEM images, in-house image processing algorithms
written in Python were used. To determine positions of atomic columns, their initial
approximations were determined by using a pre-processing step on the images and calculating
centers of mass from intensity distributions of all columns. After that, the positions were refined
by fitting 2D asymmetric Gaussian distributions (2DAGD) onto intensity values around the
approximate positions. Centers of the fitted 2DAGD were used as the new positions. To assess
atomic-scale surface roughness of nanoparticles, nearest neighbour analysis was used. The
neighbouring columns of each atomic column were determined depending on how close they
were to the column. Different colors were used to mark atomic columns based on how many
nearest neighbours they had.
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Chapter 4

Results and Discussion

4.1 Determination of N/O Ratio in TION

The properties of TiON are highly dependent on its composition. TION with more O has
properties more similar to TiO,, and TiON with more N has more properties similar to TiN. That
is why the determination of the N/O ratio in TiON is important for the evaluation of newly
synthesized TiON materials and relative comparison of similar TION samples. There are many
analytical methods that can be used for the determination of elemental composition (and N/O
ratio from that) such as SEM EDXS, STEM EDXS, XPS, TGA + CHNS, and EELS. To evaluate the
appropriateness of each of these analytical methods for N/O ratio determination, a series of
TiON nanopowder samples with decreasing N/O ratios was prepared (see Experimental 3.1). As
can be seen from XRD spectra of these samples (Figure 4.1a), the peak of the crystalline
TiN/TIiON is decreasing with increasing calcination time (at 300 °C), and after 12 h, peaks of
anatase TiO; start appearing.
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Figure 4.1: XRD spectra of TION nanopowder samples calcined at 300 °C for different amounts
of time. (a) anatase TiO, (1 0 1) and TiN/TiON (1 1 1) peaks for all samples from 0 h to 48 h, (b)
extended XRD spectrum of the 24 h sample.

According to XRD results, a simple oxidation mechanism during the heating at 300 °C of the
TiN/TiON nanoparticles can be proposed (Figure 4.2). Calcination causes formation of
amorphous TiO; on the surface of the nanoparticles which decreases the crystalline TiN/TiON
peak, and after 12 h, anatase TiO; forms on the surface from the amorphous TiO, while the
amorphous TiO;, progresses further into the core of the nanoparticle.
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Figure 4.2: Proposed oxidation mechanism of TiN/TiON nanoparticles.

The N/O ratios, obtained from different analytical methods, can be seen in Figure 4.3a. It is
clear that different analytical methods give different N/O ratios for the same sample. On the
contrary, the trend along the series of samples is similar for all analytical methods where the
N/O ratio is decreasing with increasing calcination time. This is also in agreement with XRD
results. The reason for different N/O ratios from different analysis methods is probably mostly
due to different analysis depths (Table 4.1). For example, XPS has a very shallow analysis depth
(3 nm — 5 nm) and can therefore probe only the topmost layers of the 20 nm-sized TiON
nanoparticles which get oxidized more than the core. This gives a lower N/O ratio. On the other
hand, the analysis depth of SEM EDXS is in the range of micrometers and is far deeper than the
diameter of the TiON nanoparticles; therefore the N/O ratio includes the N from the core and is
thus higher.
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Figure 4.3: Graphs of N/O ratios (a) for all samples from O h to 48 h obtained from SEM EDXS,
STEM EDXS, XPS, TGA + CHNS, and EELS and (b) correlation between TGA + CHNS N/O ratios and
N/O ratios obtained from SEM EDXS, STEM EDXS, XPS, and EELS. Black lines are linear regression
lines.

From all these analytical methods, TGA + CHNS method can be considered to give the most
accurate results of the N/O ratio of a sample because it is a bulk method (details of this analytical
method can be found in Appendix B.1 with CTION-NCNF fabric as a sample). Additionally, both
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TGA and CHNS are gravimetric methods and are therefore absolute analytical methods. Other
analytical methods can be compared to TGA + CHNS to see if the obtained N/O ratios have a
high correlation to the bulk N/O ratios (Figure 4.3b). N/O ratios from SEM EDXS and XPS
analytical methods are highly correlated to the bulk N/O ratios because of their big areas (Table
4.1) which gives a good representative value comparable to bulk values. STEM EDXS and EELS,
on the other hand, have lower correlation to TGA + CHNS because the analysis area is much
smaller. This suggests that the TION material is inhomogeneous. The small analysis area can be
compensated with more measurements in many locations (details for N/O ratio determination
from EELS analysis can be found in Appendix B.4 with CTION-NCNFs as a sample, the average of
20 measurements were used for the TiON nanopowder samples). STEM EDXS and EELS have one
advantage over the other methods, they can be used to determine local changes in the N/O ratio
on the nanoscale in the IL (which is going to be discussed in more detail below, Section 4.2).

Table 4.1: Analysis depths and analysis spot sizes of different analytical methods.

Analytical method Analysis depth Analysis area

SEM EDXS 102 nm — 10* nm 5nm?-10° nm?
STEM EDXS 5nm-—10° nm <0.1 nm?-10* nm?
EELS 5nm-30nm <0.1 nm?-102 nm?
XPS 3nm-5nm ~ 4x10° hm?

TGA + CHNS bulk bulk

Raman spectroscopy can also be used to follow changes in the amounts of TiN/TiON and TiO»
in samples (Figure 4.4). The peaks at 199 cm™, 307 cm™, and 534 cm™ correspond to TiN peaks
found in literature [113]. With increasing calcination time, the peak at 199 cm™ is steadily
increasing. This is mostly due to the very sharp and intensive peak from anatase TiO, at 142 cm™
[114] contributing to the peak at 199 cm™. The changes in peaks can only be described
qualitatively for these samples.
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Figure 4.4: Raman spectra of TiON nanopowder samples (a) from 0 h to 3 h and (b) from 6 h to
48 h. The spectra were normalized to the 534 cm™ peak.
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4.2 |IL-TEM of TiON and TiON-Ir

4.2.1 NanolLab concept

The idea of the NanolLab concept is based on the use of a Ti TEM grid as a substrate for catalyst
— support system synthesis and structural characterization with atomic resolution at the
nanoscale-level. The three most important techniques in the NanolLab concept are: IL-TEM
technique as the main structural and morphological characterization method, electrochemical
characterization of the TEM grid-based MFE, and anodic oxidation of the TEM grid as the main
synthesis method (Figure 4.5). Other analytical methods can also be used which are
complementary to the three main techniques such as IL-SEM, and XPS.

d

rruilxy

floating electrode

P

Figure 4.5: The three most important techniques in the NanolLab concept: (a) IL-TEM technique,
(b) MFE setup for electrochemical characterization, and (c) anodic oxidation of TEM grid.

In order for the samples to be analysed with the IL-TEM technique and electrochemical
characterization, the samples need to fulfil certain criteria. During the lengthy electrochemical
testing, the TEM grid needs to remain mechanically stable and electrically conductive. For the
electrocatalyst to be studied in each synthesis and characterization step, the electrocatalyst
layer needs to be firmly attached to the TEM grid. In order to be transparent for the electron
beam, the thickness of the electrocatalytic film also has to be in the order of a few 10 nm. The
sample also needs to be stable in high vacuum and under electron beam illumination. IL-TEM
analysis before and after electrochemical treatment is possible when all these requirements are
met. This enables identification of local compositional and structural changes of an
electrocatalyst at an IL.

To achieve these requirements, Ti TEM grids were anodically oxidized and nitridated which
produced a TiON support with a high surface area. The TiON support was strongly attached to
the Ti TEM grid and on it, the synthesis of a TION-Ir OER electrocatalyst was easily executed and
subsequent electrochemical treatment could be performed. IL-TEM and IL-SEM and,
additionally, XPS, and electrochemical analyses were done at every experimental step. The
experimental steps included synthesis and electrochemical treatment processes. This enabled a
thorough description of the preparation of the electrocatalyst and the electrocatalyst itself.
Additionally, optical microscopy was used which showed how the TEM grid sample was changing
visually with each experimental step (Figure A.1, see Appendix A.1.1 for details). Figure 4.6
shows all the experimental steps during the development of the TiON-Ir electrocatalyst with the
use of NanoLab method.
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Figure 4.6: Synthesis, electrochemical degradation, and characterization of the TEM grid TiON-
Ir electrocatalyst sample. Experimental route of the (a) TION sample and (b) TiON-Ir sample.
Each TEM grid represents a characterization step.

The Ti TEM grid was anodized with a custom-made anodic oxidation apparatus [115]. A high-
surface area TiO,, which is immobilized directly on the Ti TEM grid, can be made with this
apparatus. The anodic oxidation method brings many advantages such as simplicity of the
process, minimization of grid breakage, and the possibility to grow the film directly on the TEM
grid. To grow a high-quality film with these benefits, optimal anodization conditions need to be
found. Anodization voltage, electrolyte composition, and anodization time are the most
important parameters. Different TEM grid mesh sizes and shapes can be anodized which limits
the formed amorphous TiO; nanotubular film thickness and the surface area of the support.
After anodization, annealing at 450 °Cin air turns the amorphous oxide into anatase. To convert
the anatase film into electrically conductive TiON, the sample is nitridated at 700 °C in NHs;
atmosphere. The TEM grid can become fragile if the sample is over-oxidized or over-nitridated.
This can complicate sample manipulation between experimental steps.

Electrochemical analysis with the MFE setup is the next part of the NanoLab method (the
TEM grid is the WE) [116]. In the MFE setup, the TEM-grid-supported electrocatalyst floats on
the surface of the electrolyte solution. Bubbles can be efficiently managed in the case of OER (a
reaction where gas is evolving), the electrochemical signal can be well-resolved and catalyst
lifetime can be adequately predicted. If the bubbles are not removed, the electrocatalyst under
the bubbles does not react further during electrochemical treatment and structural changes
could be misinterpreted. In this MFE setup, the top of the WE is purged with Ar gas and specific
electrochemical protocols are used for effective bubble management.

4211 Morphology, composition and structure of the floating electrode

Figure 4.7a-f shows IL-SEM images at every step of the experiment (Figure 4.6c). A nanotubular
TiO; structure is formed during anodic oxidation and the next experimental steps bring almost
no noticeable change at this magnification. This means that changes to the sample did not occur
at these scales. The Ti TEM grid was also imaged at low magnification before and after
anodization (Figure A.4) where a slight decrease in the TEM grid hole size can be seen due to the
formation of TiO,.
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Figure 4.7: IL-SEM images at every characterization step: (a) anodization, (b) annealing in air, (c)
nitridation, (d) reduction of Ir salts, (e) SW-DP, (f) CV-DP.

IL-STEM analysis was used to investigate the samples at higher magnifications. IL-STEM
enables precise monitoring of even the slightest changes due to the experimental step taken
(Figure 4.8a-1). The annealing in air synthesis step shows a clear structural change of TiO, from
amorphous to anatase phase (Figure 4.8, the change from a to b and g to h) [66]. During
nitridation (formation of TiON), the polycrystalline anatase TiO; is restructured and the surface
area increases (Figure 4.8b,c). Next, deposition of Ir NPs (1.53 nm? + 1.43 nm?) is achieved with
the reduction of IrBrs salts in an Ar/H, atmosphere (Figure 4.8c,d,i,j). The edges of the TiON
support also become less sharp due to the formation of an NH4Br by-product as explained below
(Figure 4.8c,d).
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Figure 4.8: IL-HAADF-STEM images at every characterization step: (a,g) anodization, (b,h)
annealing in air, (c,i) nitridation, (d,j) reduction of Ir salts, (e,k) SW-DP, and (f,I) CV-DP.

Table 4.2: N/O ratio at every characterization step from EELS, EDXS, and XPS analysis.
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N/O
Sample stage EELS EDXS (location 1) EDXS (location 2) XPS
anodization 0.03
Annealing 0.02
Nitridation 0.67 £0.06 10.7 134 0.44
Ir NPs deposition 0.53 +0.07 3.5 3.5 0.30
SW-DP 0.46 £ 0.09 2.5 2.2 0.19
CVv-DP 0.42 £0.07 1.8 1.6 0.21

The surface composition of the TEM grid sample was also analysed after each experimental
step. The focus was on the N/O ratio and oxygen and nitrogen distribution determined by EELS,
IL-EDXS, XPS, and EELS mapping. Table A.3 and Table A.2 show the elemental composition of the
TEM grid sample. Different characterization techniques have different analysis depths which can
cause differences in the obtained N/O ratio (Table 4.2). For EELS, the analysis depth is 5 nm —
30 nm and for EDXS, the analysis depth is approximately 20 nm. For XPS, the analysis spot size
is approximately 0.4 mm in diameter and the analysis depth is 3 nm — 5 nm. IL-EDXS results are
also affected by the scattered x-rays from the Ti TEM grid core. Focusing on XPS results before
nitridation, the TEM grid sample before and after annealing in air is closer to TiOs stoichiometry
rather than TiO, stoichiometry (Table A.3). The excess of O is most likely due to surface
contamination. The surface composition after nitridation was determined to be 23 at. % of N,
51 at. % of O, and 26 at. % of Ti (approximately Ti1N102). Nitrogen replaced approximately one
half of oxygen atoms in the TiO, structure based on the N/O ratio of 0.44. In the next synthesis
step, which is Ir NPs deposition through reduction of IrBrs salts in an Ar/H; atmosphere, a slight
decrease in the N/O ratio can be observed (Table 4.2). During reduction, NH4Br forms as a by-
product where TiON is the source of nitrogen. The by-product was determined from the
synthesis of a similar sample in powder form and was analysed with XRD (Figure A.6). XPS shows
approximately 1.6 at. % (0.7 at. % from IL-EDXS) of Ir after Ir NPs deposition. Of those 1.6 at. %,
40 % are in the Ir(4+) state and 60 % in the Ir(0) metallic state (Table A.2, see Appendix A.1.3).

IL-EELS mapping analysis showed a random distribution of O and N rich regions after
nitridation (Figure A.7a). After Ir NPs deposition (Figure A.7e), N rich regions are concentrated
in thicker regions and the O rich regions are moved to the grain boundaries of the support and
its edges (thickness can be estimated from Figure A.7c,g,k,0 — brighter regions are thicker).
Presumably, the evolution of the NH4Br by-product is causing this change. N/O ratio results from
IL-EDXS are in agreement with XPS and EELS data (the N/O ratio is decreasing with every
experimental step) even though light elements are less reliably quantified with EDXS (Table 4.2).

4212 Electrochemical characterization of the MFE setup

Initial electrochemical experiments were used to confirm adequate electric contacting of the
MFE setup and the presence of typical Ir electrochemical features and OER response.
Cyclovoltammetry was used to show that characteristic Ir features were present (Figure 4.9d).
LSV measurement (20 mVs?) was used to determine OER performance so that the TiON-Ir
sample could be compared to other OER state-of-the-art electrocatalysts in the literature. Ir
surface charge is directly related to the number of active sites [117]-[119], which is why the OER
polarization curve was normalized to Ir surface charge. In this way, the capacitive current from
TiON support is also eliminated [120]. A previous report on TiON-based analogues with similar
Ir particle size distribution [67] is in agreement with the normalized specific OER activity
(extrapolated at 1.55 V vs RHE, Figure 4.9b) of this TION-Ir TEM grid sample. A Tafel slope of
around 65 mV dec*was determined (Figure 4.9a), which was expected. Typical Ir-based catalysts
(bulk IrO,, rutile IrO,, and electrochemically grown IrO,) [59], [121]-[123] and also TiON-
supported Ir analogues [64], [65], [67] have similar values. This means that this TiON-Ir TEM grid
sample is not significantly different with regards to OER compared to other Ir-based catalysts.
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Figure 4.9: Electrochemical characterization of TiON-Ir TEM grid. (a) Tafel plots of OER
polarization curves (constructed from b), (b) surface Ir charge normalized OER polarization
curves measured before and after SW-DP electrochemical biasing, (c) potential — time diagram
used for SW-DP and CV-DP electrochemical biasing (an example section of both protocols), and
(d) cyclovoltammogram with characteristic Ir features.

4213 IL-TEM characterization of the floating electrode after electrochemistry

The next step was to evaluate the applicability of combining IL-TEM analysis and electrochemical
experiments. The goal here was to use a short electrochemical protocol to quickly trigger
structural changes in Ir nanoparticles and the TiON support which could be well resolved with
TEM analytical techniques to demonstrate the usability of the NanoLab method. SW-DP was
used as the first electrochemical treatment of the TiON-Ir TEM grid sample. Changes in structure
on the nano-scale with atomic resolution were followed on pre-selected locations before and
after SW-DP. IL inspection of Ir NPs showed several examples of degradation processes due to
electrochemical treatment (Figure 4.10). Dissolution, Ostwald ripening, coalescence,
detachment, migration, rotation, and formation of Ir SAs are mechanisms induced by SW-DP
that can be found in a single high magnification IL-STEM image pair. The OER performance is not
significantly altered by these mechanisms during the duration of the experiment (Figure 4.9a,b).
Statistical analysis from IL-STEM images is in agreement with the negligible change in
electrochemical activity. It can be concluded from the statistical analysis that average particle
size, average circularity, average nearest neighbour distance, and particle size distribution stay
almost the same and that less than 1 % of Ir particles are lost during SW-DP (Table A.1, Figure
A.5). XPS analysis also shows only a slight decrease of at. % of Ir (from 1.6 at. % to 1.5 at. %) but
Ir composition evidently changes after SW-DP, in contrast to statistical indicators of structural
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changes. The composition goes from 40 % in the Ir(4+) state and 60 % in the Ir(0) metallic state
before SW-DP to 70 % in the Ir(4+) state and 30 % in the Ir(0) metallic state after SW-DP (Table
A.2, see Appendix A.1.3). This is in agreement with literature where the formation of
surface/subsurface Ir(4+) oxide is reported in this potential window [124]—-[127]. A decrease in
N/O ratio of the TiON support due to SW-DP can also be concluded from EELS, IL-EDXS, and XPS
analyses (Table 4.2). The EELS N/O values before and after SW-DP are within the measurement's
uncertainty, which is why the change cannot be attributed to electrochemical oxidation of TION
with certainty. The results were compared to the bare TiON support TEM grid sample where the
N/O ratio changed from 0.75 + 0.13 to 0.23 + 0.06 due to a similar degradation protocol. This is
a direct confirmation of electrochemical oxidation of the TiON support. The significantly smaller
N/O ratio decrease in the TiON-Ir TEM grid sample implies a potential protective effect of Ir on
the TiON support during electrochemical oxidation. XPS analysis of the TiON-Ir TEM grid sample
is in agreement with the EELS results (N/O ratio decreases from 0.30 to 0.19 due to SW-DP).
Similarly, the N/O ratios obtained via IL-EDXS characterization also decrease (Table 4.2). The
potential protective effect of Ir could be beneficially used to mitigate the TiON support
degradation. A detailed understanding of this interaction might help advance this research field.

dissolution = migration, rotation
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Figure 4.10: IL-HAADF-STEM images of the TiON-Ir sample (a) before and (b) after SW-DP. The
images display many types of degradation processes of Ir nanoparticles in one image pair.

4.2.2 SingleIr atoms

The TiON and TiON-Ir TEM grid samples were compared in detail with electrochemical
experiments coupled with IL-TEM diagnostics to better understand the potential protective
effect of Ir on the TiON support.

4221 Electrochemical characterization coupled with structural characterization

Two sequences of long-term electrochemical protocols (SW-DP and CV-DP, details can be found
in Materials and Methods 3.5) were executed. As mentioned above, IL-STEM analysis shows no
significant change in statistical indicators of the relevant structural characteristics after SW-DP
and even after CV-DP (Table A.1, Figure A.5). On the contrary, XPS analysis shows that both
electrochemical protocols changed the surface composition of the TiON support and of Ir. The
amount of metallic state Ir(0) decreased from 60 % before degradation to 30 % after SW-DP to
0 % after CV-DP and the amount of Ir(4+) state increased from 40 % before degradation to 70 %
after SW-DP to 100 % after CV-DP (Table A.2), which is in agreement with irreversible oxide
formation [128]. The N/O ratio of the TiON support of the TiON-Ir TEM grid sample also
decreases due to oxidation after the two electrochemical protocols (Table 4.2). The investigation
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was upgraded with IL-EELS analysis of both the TiON-Ir and the TiON TEM grid sample with the
goal to decouple the influence of Ir on the TiON support oxidation.

IL-EELS analysis of the bare TiON support TEM grid sample shows a significant decrease of
the N/O ratio due to the electrochemical degradation (Figure 4.11, locations of the
measurements can be seen in Figure A.8). This means that the electrochemical degradation
caused an estimated 3 nm + 0.4 nm (mean * standard deviation) thick TiO, layer to form (a
detailed explanation of thickness estimation can be found in Appendix A.2.1). After degradation,
the N/O ratio becomes highly dependent on the TiON support thickness, which means that the
thickness of the formed TiO; layer is somewhat constant through the sample. Based on that, it
can be concluded that the TiO; layer is only on the surface of the TiON support and the TiON
core is left intact (Figure A.11). On the contrary, IL-EELS analysis of the TiON-Ir TEM grid sample
shows only a slight decrease in the N/O ratio due to SW-DP and CV-DP (Figure 4.12, locations of
the measurements can be seen in Figure A.9). SW-DP caused an estimated 0.3 nm + 0.3 nm and
CV-DP caused an estimated 0.0 nm + 0.6 nm thick TiO, layer to form. The difference between
the thickness of the TiO; layer on the TiON and on the TiON-Ir sample is tenfold (10 % 3), which
shows that Ir efficiently prevents oxidation of the TiON support. There is also no clear
dependence of the N/O ratio on thickness for the TiON-Ir TEM grid sample before and after both
SW-DP and CV-DP (Figure 4.12).
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Figure 4.11: Graphs of the N/O ratio vs. thickness (nm) on the IL of TION sample before and after
degradation. Due to the low R?value (R%<0.5) for the data before degradation, the average value
(red dashed line) line was used instead of a linear regression line (blue full line).
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Figure 4.12: Graphs of the N/O ratio vs. thickness (nm) on the IL of TiON-Ir sample (a) before
degradation, (b) after SW-DP, and (c) after CV-DP. Due to the low R? value (R%*<0.5), average
value lines (red, blue, and purple dashed and dotted lines) were used instead of linear regression
lines.

Atomically resolved IL-STEM analysis of the TiON-Ir sample was performed to understand
the oxidation protection role of Ir in more detail. As mentioned above, several degradation
mechanisms, due to electrochemical treatment, can be observed in one IL-STEM image pair at a
high magnification (Figure 4.10) and the OER performance does not change in a meaningful way
despite that (Figure 4.9a,b). Among these, the formation of Ir SAs stands out as a consequence
of the electrochemical treatment (Figure 4.13). The brighter spots in the crystal lattice of TiON
Figure 4.13b,c are Ir SAs (some are encircled in turquoise). The IL-STEM images of TiON-Ir in the
zone axis [1 1 1] show that Ir SAs are mostly placed in Ti vacancies on the crystalline TiON
support. The number density of the Ir SAs is higher after CV-DP (0.53 nm™2, Figure A.10d) than
after SW-DP (0.29 nm™2, Figure A.10c). Also, there are more Ir SAs after CV-DP when the
estimated thickness of the TiO; layer is lower (0.0 nm = 0.6 nm) than after SW-DP when the
estimated thickness of the TiO, layer is higher (0.3 nm = 0.3 nm). This is an additional
confirmation that the resistance of TiON to oxidation is induced by the presence of Ir (either Ir
NPs and/or Ir SAs). The origin of Ir SAs was confirmed to be of electrochemical origin from IL-
STEM images before Ir NPs deposition and before electrochemical degradation. There are no Ir
SAs on the TiON support before Ir NPs deposition (Figure 4.13a, Figure A.10a), and only some
(0.02 nm™2) can be seen after Ir NPs deposition (Figure A.10b). Based on this, DFT calculations
were made to theoretically evaluate the importance of Ir for the resistance of TiON to oxidation.
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Figure 4.13: IL-HAADF-STEM images of (a) TiON, (b) TiON-Ir after SW-DP, and (c) TiON-Ir after
CV-DP. An IL image of TiON-Ir before degradation was not taken. Green circles show example
locations where Ti regular sites are occupied by Ir SAs.

4222 DFT characterization of the role of Ir in stabilizing TION

It was shown by our research group that N atoms considerably enhance the adhesion of Ir NPs
on the TiON support [66]. If N atoms located below NPs are replaced with O atoms, a
considerable weakening of the adhesion of Ir NPs can be observed. This is valid even if O atoms
stoichiometrically replace N atoms (Figure 4.14). Meaning, if 3n O atoms replace 2n N atoms for
n > 1, then the adhesion of Ir NPs is considerably weakened (n = 2 in the cases in Figure 4.14).
Looking from the other perspective, it can be implied that the TiON structure is stabilized by Ir
NPs because the driving force of O atoms replacing N atoms is diminished in the presence of Ir
NPs. A confirmation of this is the Ir-induced N preference which was calculated by Eqg. (3.2). It is
considerable, the range is from -2.4 eV (for Irj1y,3), the smallest considered NP) to -5.7 eV (for
Irf2,10,6), the largest considered NP). The number of Ir atoms in the considered NPs were 4, 7,
and 10. If the Ir-induced N preference is normalized by the number of Ir atoms on the interface
between the Ir NP and the TiON support, we get values from -0.5 eV and -0.6 eV per interface-
Ir-atom.
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Figure 4.14: Snapshots of the Ir NPs on the TiON(111) surface of Ti-vaco type (Figure A.12). (a)
Ir7.6,31, (b) Iraz,10,3;, and (c) Irpy,z NPs. In the bottom row, the NPs are on TiON(111) where 4 N
ions below the Ir NP were replaced by 6 O ions, and in the top row, the Ir NPs are on unaltered
TiON(111). The A of Eq. (3.2) and adhesion energies are also shown. The Ir NPs have up to three
layers and the number of Ir atoms in each layer is denoted as Irjijq where i, j, and k represent
the number of Ir atoms in the bottom, middle, and top layers. In the case of Irj1y,3;, one Ir atom
is incorporated into a Ti surface vacancy and 3 Ir atoms are above it.

From these calculations it can also be concluded that Ir SAa can be incorporated into Ti
vacancies of the TiON structure (either on the surface or in bulk). These Ir SAs also reduce the
driving force for O atoms to replace N atoms and therefore stabilize the structure of TiON. The
Ir-induced N preference calculated by Eqg. (3.4) quantifies this (Figure 4.15). Ir SAs at many
different concentrations were considered to be incorporated into Ti vacancies on the surface
and in bulk of the TiON structure. As a result, the amount of stabilization induced by an Ir SA
seems to be on average about 1 eV per N. This means that if one O atom replaces one N atom,
which is bound to Ir, the adhesion (binding) of the Ir SA on a TiON(111) surface or in bulk is
reduced by approximately 1 eV.

In summary, Ir NPs have a calculated Ir-induced N preference of approximately -0.5 eV per
interface-Ir-atom and Ir SAs have a calculated Ir-induced N preference of approximately -1 eV
per N atom.
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Figure 4.15: Graphs of (Ir-induced N preference) as a function of Ir SA concentration (A1 of Eq.
(3.4)). (a) A1 as a function of Ir SA concentration in the (111) layer with numerous bulk (solid
symbols) and surface (open symbols) TiON-Ir structures considered (green points and purple
squares refer to Ti-vaco and Ti-vacy structures, respectively). (b) A1.1 as a function of bulk Ir SA
concentration with numerous bulk TiON-Ir structures considered (both Ti-vacy and Ti-vaco type
structures are considered, Figure A.12). A 100 % “surface” concentration denotes that all Ti-
vacancies are occupied by Ir SAs in a given Ti(111) layer and a 100 % bulk concentration denotes
that Ir SAs occupy all Ti-vacancies. The A;.; average is indicated by the blue dashed lines (data
points are linearly fitted by the blue lines). The 100 % (111)-layer concentration corresponds to
a 33 % bulk concentration for (111)-rotated bulk structures, because Ir atoms are located in only
one of the three Ti-layers (TiON(111) consists of A-B-C stacking of Ti-layers).

4.2.3 Biglrnanoparticles

The same Nanolab platform concept was also used to investigate a TION-Ir sample with bigger
Ir nanoparticles. At first, the TiON-Ir grid was structurally characterized with STEM. STEM images
of the TiON-Ir grid at low magnification after the Ir deposition can be found in Figure 4.16e-h.
The nanotubular morphology of the TiON support is most visible in Figure 4.16h as the
approximately 40 nm circular openings in the bottom left part of the image. Ir nanoparticles can
be seen as bright spots and can reach sizes of up to 15 nm. The Ir nanoparticle size is
polydisperse (Figure A.13) due to an intentionally selected temperature programme (fast
heating, heating rate 100 °C min) for the IrBrs reduction. This synthesis method also causes
twin boundaries in the Ir nanoparticles to form more often (Figure 4.16a-d). This is in contrast
to the previous Ir nanoparticle deposition method (slow heating, heating rate 2 °C min?, low
temperature, 1 h at 400 °C) where the formed Ir nanoparticles are much smaller and more
monodisperse (1 nm —2 nm diameter) [66]. Such small Ir nanoparticles are too small to observe
changes on individual crystal facets, which is why the synthesis method was changed to obtain
bigger nanoparticles. A treatment at a higher temperature and a fast heating rate was chosen
so that Ir nanoparticles with more defects and with a wider size distribution would form. From
trial and error, it was found that the largest Ir nanoparticles form on the edge where the solution
droplet dried. Therefore, only half of the grid was dipped in the IrBr; solution because the middle
of the TEM grid is the optimal location for STEM imaging.

Figure 4.16: STEM-HAADF images of the TiON-Ir sample. (a-d) examples of polysynthetic and
cyclic twinning (red dashed lines show twin boundaries) and (e-h) images at low magnification.

Potentiostatic activation of the TiON-Ir sample was performed after the structural analysis.
With potentiostatic activation, long-term stationary protocol suitability for the use in MFE for
OER studies was evaluated. Additionally, with this step, the Ir nanoparticles and the TiON
support were oxidized before the electrochemical activity was evaluated. Simultaneous
oxidation events such as Faradaic contributions of Ir nanoparticle and TiON support oxidation at
high anodic potentials can cause misinterpretation of the measured OER current [66], [129]. In
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Figure 4.17b, activity of the TiON-Ir sample before and after the polarization at 1.6 V for 30 min
is shown. Because the exact surface area and mass of Ir are unknown, the current was
normalized by the geometric surface area of the TEM grid that was in contact with the
electrolyte which is defined by the Teflon housing opening. The measured current after
potentiostatic activation was higher which was expected due to the formation of a thin Ir oxide
layer with a higher intrinsic activity on the non-activated metallic Ir nanoparticles [97].
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Figure 4.17: Evaluation of different activation protocols. (a) cyclic voltammogram for the
evaluation of metallic Ir structural changes during electrochemical degradation and (b)
polarization curves for activity evaluation before and after the dynamic degradation protocol
and before and after the potentiostatic activation protocol.

During stationary experiments, the problem of bubble accumulation can occur. That is why
a dynamic degradation experiment was designed which is similar to protocols used in other
research [130], [131].

Cyclic voltammograms in Figure 4.17a are the first clue of structural changes on Ir
nanoparticles during the degradation experiment. 20 fast CVs were recorded (0.05V —1.45V)
after each dynamic protocol cycle. At least some share of Ir is in a metallic state at the start of
the protocol which is indicated by the Hy,u feature between 0.05V and 0.35V [132]
characteristic for metallic Ir. The presence of this peak can be seen throughout the experiment,
meaning that Ir has a lower tendency for oxidation when supported on the ceramic material.
This is in agreement with the study by Bele et al. [63] and Savinova et al. [133]. A characteristic
feature for Ir** to Ir** transition (broad peak) can be seen at around 0.9 V which indicates that Ir
nanoparticles are, at least to some extent, getting oxidized during the dynamic protocol. The
heightened electrocatalytic activity of Ir nanoparticles after the dynamic degradation protocol
is another indicator of structural changes and is in agreement with other research [134].

Atomic resolution IL-STEM images were taken of five individual Ir nanoparticles which stayed
in the zone axis during the three IL-STEM imaging steps and analysed with custom-made image
analysis algorithms. The goal was to gain in-depth understanding of the structural changes after
the two electrochemical steps. IL-STEM images of two Ir nanoparticles (particles no. 2 and no.
5) are shown in Figure 4.18. They are shown in the as-synthesized state, after activation, and
after dynamic degradation. The positions of the atomic columns are depicted in green for each
step of the experiment. IL-STEM images of the remaining three nanoparticles (particles no. 1,
no. 3, and no. 4) can be seen in Figure A.14.

From a brief literature overview, it can be said that in general, the structure-stability
interrelations are still not very well researched. Based on Ir single-crystal work by Ozer et al.
[135], the surface orientation is very important for the formation of the oxide layer. They
showed that Ir (111) planes are less prone to oxidation than the more open Ir (110) planes and
the morphology is different depending on on which plane the oxide grows. Scohy et al. [136]
came to a similar conclusion. Here, the authors studied both single crystalline and
nanostructured surfaces. They found out that the original structure and chemical composition
influence the growth of the oxide in the beginning on single crystalline and nanostructured
surfaces, but then all of the surfaces gradually transform into a similar phase. BalaKrishnan et
al. combined XPS with atom probe tomography to follow the structural transformations of the
Ir probe which was needle-shaped [137]. They found out that the nature of the planes plays an
important role in the formation of the oxide phase. On the closed (111) Ir planes, the oxide layer
growth stopped at 1 nm—2 nm and on the opened planes, the oxide layer grew to around 10 nm
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thickness at 1.55V after 300 s. Different crystallographic planes can therefore have different
catalytic activities and stabilities. Based on that, they suggested that hydrous iridium oxide is
limited only to open planes.

Figure 4.18: IL-STEM images of (a-c) a smaller (nanoparticle no. 2) and (d-f) a larger (nanoparticle
no. 5) Ir nanoparticle. (a,d) before electrochemical treatment, (b,e) after potentiostatic
activation, and (c,f) after dynamic degradation. The green dots are the positions of atomic
columns. Green arrows mark sites where probably amorphous growth occurred after dynamic
degradation.

None of the research from literature focused on supported Ir nanostructures which is how
this investigation is different. From the five inspected Ir nanoparticles, it can be concluded that
potentiostatic activation causes only minor changes. Slow oxidation is the most probable reason
for this based on the CVs, but it is also possible that the Ir particles were blocked by gas bubbles
to some extent. It is also possible that changes occurred in directions that were not observed
because all five Ir nanoparticles were imaged in the same zone axis [110]. The changes in the
five Ir nanoparticles are more obvious after dynamic degradation. The predominant degradation
type, which was observed in the images, is surface roughening (loss of faceted shape). On the
contrary to the research above, this research shows no dependence on surface orientation. The
edges of individual facets are more prone to changes than columns in the middle of a well-
defined crystal which seemed to be left intact. Some potential amorphous growths were
observed mostly on {001} facets and a few also on {111} facets. Although only a few occurrences
were found in total, this is in agreement with previous research where {111} planes had less
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oxide layer growth [135]-[137]. For a higher certainty, more Ir nanoparticles would have to be
analysed or advanced techniques used.
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Figure 4.19: Images of the atomic columns with different numbers of nearest neighbours for two
Ir nanoparticles. (a-c) smaller (nanoparticle no. 2) and (d-f) larger (nanoparticle no. 5) Ir
nanoparticle. (a,d) before electrochemical treatment, (b,e) after potentiostatic activation, and
(c,f) after dynamic degradation.

To quantitatively evaluate the surface roughening of Ir nanoparticles, the atomic columns
were classified by the number of nearest neighbours. The atomic columns of Ir nanoparticles
are colored by the number of nearest neighbours in Figure 4.19 (and in Figure A.15). Each atomic
column in the Ir nanoparticle in the [110] zone axis can have 6 nearest neighbours maximum.
Atomic columns with 1-5 nearest neighbours are on the surface and atomic columns with 6
nearest neighbours are in the interior. Importantly, some of the Ir nanoparticles are only
partially imaged in the zone axis due to twinning (example Figure 4.18a-c). The atomic columns
at the twin boundary were excluded from this quantification because the true number of nearest
neighbours cannot be known. The number of atomic columns with the same number of nearest
neighbours was normalized by the total number of atomic columns for each of the five
nanoparticles and for each step of IL-STEM (Figure 4.20).
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Figure 4.20: Graphs of the share of columns. (a) with 2, 3 or 5 nearest neighbours or (b) with 4
nearest neighbours.

The two nanoparticles in Figure 4.18 are labelled as “nanoparticle no. 2” and as
“nanoparticle no. 5” in these graphs. The results were divided into two groups: the share of
columns with 2, 3, or 5 nearest neighbours, which quantifies the change in surface roughness,
and the share of columns with 4 nearest neighbours, which quantifies the change in loss of
faceted shape. No atomic columns had one nearest neighbour. Based on the results, the share
of defects (steps, edges, and kinks) increases and the share of facets decreases due to the
dynamic degradation protocol. The smallest Ir nanoparticle (nanoparticle no. 1) did not follow
this trend. This can be explained by the larger share of surface atomic columns compared to
other bigger Ir nanoparticles. The smallest Ir nanoparticle was also reshaped during both
electrochemical protocols (Figure A.14a-c) but the reshaping did not increase roughness. A
possible explanation for this is that the high share of columns with 2, 3, or 5 nearest neighbours
might not be possible to be increased even more with additional movements of the atomic
columns. It can be concluded that smaller Ir nanoparticles already have maximum roughness
and for Ir nanoparticles above around 3 nm the surface roughness can still be increased due to
the dynamic degradation protocol. To reduce the costs of electrocatalysts in PEMWEs, smaller
and more stable Ir nanoparticles are more desirable. A recent DFT study has shown that smaller
Ir nanoparticles adhere more strongly to the TiON support, a sign of potentially higher stability
[66]. Also, smaller Ir nanoparticles tend to dissolve less when two samples with different size
distributions are compared (charge was normalized) [67].

As a side note, a possible alternative explanation to surface roughening could also be
multiple simultaneous processes (for example dissolution and redeposition) instead of a single
process (for example surface diffusion). If individual atoms could be counted (based on atomic
column intensity) instead of atomic columns, more insight could be gained into the exact
mechanism. This has proven difficult for this TION-supported sample due to the extra signal
coming from the TiON support. Electrochemical liquid cell TEM could give additional insight but
atomic resolution would probably be lost.

Based on the oxide features in CVs after the dynamic degradation, the surface of Ir
nanoparticles should be at least partially oxidized, but only a few small probable amorphous
oxide growths can be seen in the IL -STEM images (Figure 4.18 and Figure A.14, green arrows).
This is in agreement with previous research, where it was shown that a strong metal-support
interaction (SMSI) stabilizes the Ir nanoparticles compared to Ir nanoparticles with no support
[63], [133]. Importantly, the type of support can influence the degree of amorphization [67]. The
comparison of two samples of Ir nanoparticles supported on TiON/C showed that the carbon
present seemingly enhances the reshaping of Ir nanoparticles. The nature of the sample, the
type of experiment, and the technical limitations of STEM imaging prevented coming to
conclusions about oxide growth with certainty. The wrinkling of the TEM grid during
electrochemical degradation can cause small tilts of the Ir nanoparticles out of the zone axis. In
addition, the STEM electron beam and electrochemical degradation can cause local degradation
of the TiON support and movements of Ir nanoparticles. The Ir nanoparticles are too small to
correct the tilt as there are no Kikuchi lines visible in small nanoparticles (which are necessary
to determine the correct tilting direction). This leads to atomic columns being projected in an
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elongated way. Additionally, small drifts during STEM imaging are possible and all these effects
could hide signs of an oxide layer. The irregular distribution of oxygen in the TiON support also
prevents EDXS or EELS to be used to determine the presence of an oxide layer on Ir nanoparticles
and long exposure times can cause electron beam damage. It seems that the probable oxide
growth does not depend on the orientation which is not in agreement with the other research
discussed above. This could be explained by the surface defects present and the nanoparticle
size effects. Something similar was concluded in another research study on ORR electrocatalysts
made from intermetallic Pt alloys [69].

4.3 Microstructure and Electrical Conductivity of CTION-NCNFs

43.1 Micro- and nanostructure of CTION-NCNFs

The microstructure of the CTiON-NCNF1 fabric can be observed in SEM images at different
magnifications in Figure 4.21. The nanofibres are disordered and intertwined and were
produced by electrospinning of a long continuous nanofibre. The average diameter of the
CTiON-NCNF1s 130 nm + 60 nm (mean % standard deviation) and of the CTiON-NCNF2s is
220 nm £ 30 nm. Figure 4.22a shows the diameter size distribution of both CTION-NCNF1s and
CTiON-NCNF2s. The diameters of 50 nanofibres for the calculation of average diameters and
diameter size distributions were measured manually from an SEM image (Figure B.1). Most
CTiON-NCNF1s have diameters from 50 nm to 150 nm. Very few CTiON-NCNF1s have a diameter
below 50 nm and the number of CTIiON-NCNF1s with bigger diameters decreases gradually
where diameters 50 nm — 100 nm are the most numerous. Single nanofibre electrical
conductivity measurements and TEM analyses require a variety of diameter sizes which a higher
diameter dispersion can provide. Most CTION-NCNF2s have diameters that are from 200 nm to
250 nm with only a few nanofibres with diameters bigger than 250 nm or smaller than 150 nm.
To compare the experimental results to the theoretical model, a lower diameter dispersion is
more suitable (this will be discussed later on). The CTiON-NCNF1 surface seems uniform and
smooth at these magnifications, which is what was also reported in research from other
researchers [71]. If we look at higher magnification SEM images of CTION-NCNF2s (Figure B.15),
we can see a rough surface which can be explained by nanopores on the surface of the
nanofibres.

Figure 4.21: SEM images of CTION-NCNF1 fabric.
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Figure 4.22: Size distribution charts of CTiION-NCNFs. (a) Diameter size distribution of 50
measured CTION-NCNF1s and CTiON-NCNF2s and (b) particle size distribution of 250 measured
nanoparticles of CTiON-NCNF1 sample. Distributions were determined from manual
measurements from images in Figure B.1 and Figure B.2 in Appendix.

Looking at CTION-NCNF1s with STEM (Figure 4.23), it becomes clear that the CTION-NCNF1s
consist of an amorphous carbon matrix in which nanosized TiON particles are embedded, which
have an average size of 2.4 nm + 0.8 nm and the particle size distribution can be observed in
Figure 4.22. The measurement of 250 nanoparticles was done manually on a TEM image (Figure
B.2) to obtain the average size and the particle size distribution. The diameter of most TiON
nanoparticles is between 1 nm and 4 nm. In thicker CTION-NCNF1s (diameter approximately
300 nm, Figure 4.23a,b,d,e), it can be seen that the TiON nanoparticles are embedded in a lower
density matrix. In thinner CTION-NCNF1s (diameter approximately 50 nm, Figure 4.23g,h), the
matrix is less visible. This could be due to the matrix being a lower portion of the nanofibre or
due to a higher overlap of TiON nanoparticles in a small diameter nanofibre. What can be seen
as dark spots in Figure 4.23d,e,h are nanopores, line profiles (Figure 4.23f,i) show their presence
more clearly. The nanopores have an average diameter of 6 nm + 1 nm (Figure B.14). The
intensity of the nanopores is much lower if we compare them to the rest of the CTION-NCNF1.
They are probably formed during nitridation when the organic material is decomposed and
escape routes for the gases are formed. A shrinkage of the CTiON-NCNF fabric due to nitridation
is estimated to be 40 % (Figure B.3).

Figure 4.23: Cross-sections and images of CTiON-NCNFs. (a,b,d,e) STEM-HAADF images of
lamella of cross-section of CTION-NCNF1s, (c) scheme of how the CTiON-NCNF1 was cut, (f) line
profile of the image d with an (integration width 1.5 nm, marked with green dots and turquoise
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lines), (g,h) STEM-HAADF images of CTiON-NCNF1s, and (i) line profile of the image h with an
(integration width 3.5 nm, marked with green dots and turquoise lines).

4.3.2 Crystal structure and chemical composition of CTION-NCNFs

Additionally, the samples were analysed with XRD, selected area electron diffraction (SAED),
SEM EDXS, STEM EDXS, EELS, EELS mapping, CHNS elemental analysis, TGA, and Raman which
enabled a better characterization of the structure and composition of CTION-NCNFs. An XRD
diffractogram of CTiON-NCNF2 fabric can be observed in Figure 4.24c (red line). The
diffractogram confirms the presence of the TiON/TIiN face-centred cubic unit cell (FCC)
nanocrystalline structure that corresponds to the 1 nm — 4 nm-sized nanoparticles of CTiON-
NCNF1, which were observed in the STEM images (Figure 4.23). The Scherrer equation [138] was
used to estimate the size of crystallites which gave an average result of 8 nm from the two peaks.
A simulation of an XRD diffractogram was also done (Figure 4.24c, green line). The simulated
nanoparticle size was 6 nm (4.1987 A, F m =3 m, Tio7(No.3300,7), the crystal structure was based
on the crystal structure from Cambridge Crystallographic Data Centre (CCDC) 908784 / Inorganic
Crystal Structure Database (ICSD) 426340 [139] (N and O occupancy changed to No36500635). One
possible explanation for the lower nanoparticle sizes in STEM images compared to the estimated
nanoparticle sizes from XRD data is that bigger TiON nanoparticles are hiding in the cores of
thicker CTiION-NCNFs. The presence of randomly oriented TiON nanocrystallites or nanoparticles
in CTiON-NCNF1s is confirmed by the SAED pattern in Figure 4.24b of the CTiON-NCNF1 piece
(30 nm diameter) in Figure 4.24a. The formation of TiON is also suggested by the results of
Raman spectroscopy (Figure B.7) (details on Raman spectroscopy of CTION-NCNF1s can be found
in Appendix B.2).
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Figure 4.24: SAED pattern and diffractogram of CTION-NCNF1. (a) TEM image of a CTION-NCNF1
segment (30 nm diameter), (b) SAED pattern of the CTION-NCNF1, and (c) XRD diffractogram of
the CTiON-NCNF2 fabric (red) and a simulated XRD diffractogram of TiON nanoparticles (green,
6 nm, based on the CCDC 908784 / ICSD 426340, N and O occupancy changed from N330 0670
to N365 0635).

The presence of carbon at around 10 at. % or 5 wt. % can be seen from the SEM EDXS
spectrum of the CTION-NCNF1 fabric in Figure B.16d. CHNS and TGA analysis of CTION-NCNF1
fabric (details for CHNS and TGA analysis can be found in Appendix B.1) as well as STEM EDXS
spectrum of CTiON-NCNF1 in Figure 4.23 confirm the amount of carbon. The lower density
matrix in which the TiON nanoparticles are embedded is probably carbon. This can be seen in
the STEM image of the CTiON-NCNF1 cross-section in Figure 4.23g,h. The Raman spectroscopy
results of the CTION-NCNF1 fabric independently confirm the presence of carbon in the samples
(Figure B.7).
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Figure 4.25: STEM EDXS analysis of TiON nanofibres. (a) STEM-HAADF image of the CTION-NCNF1
location for STEM EDXS analysis, (b) C elemental mapping image, (c) N elemental mapping
image, (d) O elemental mapping image, (e) Ti elemental mapping image, (f) overlay image of
images ¢, d, and e, and (g) STEM EDXS spectrum of the CTION-NCNF1.

The N/O ratio calculation from SEM EDXS data for the CTiION-NCNF1 fabric is 1.67 which is
comparable to the N/O ratio of 1.65 calculated from the CHNS and TGA analysis of the CTiON-
NCNF1 fabric. The average N/O ratio was also calculated from several CTiION-NCNF1s based on
the STEM EDXS measurements and the N/O ratio is 1 + 0.2. The automatic quantification of the
STEM EDXS programme was compared to a simulation of the STEM EDXS spectrum (Figure B.8)
and they are very similar (a detailed explanation about the STEM EDXS simulation can be found
in Appendix B.3). The average N/O ratio was also calculated from EELS measurements of several
CTiON-NCNF1s and the value is 0.6 + 0.05 (for a detailed explanation of N/O ratio determination
with EELS see Appendix B.4). These two methods were expected to bring different results
because STEM EDXS and EELS measure the local N/O ratio of individual CTION-NCNF1s with a
diameter of approximately 50 nm or less while the CHNS and TGA and SEM EDXS analyses
measure the bulk N/O ratio of a big portion of the CTION-NCNF fabric.

SEM EDXS spectra of CTiON-NCNF1 and CTiON-NCNF2 fabric can be compared in Figure
B.16¢,d. Slight differences in composition of CTION-NCNF1 and CTiON-NCNF2 fabric could not
be avoided due to the goal to fabricate samples with different diameter distributions. This was
required for us to additionally analyse the samples with other techniques. Table 4.3 shows the
comparison of compositions of CTION-NCNF1 and CTiON-NCNF2 fabric.

Table 4.3: Composition of samples CTION-NCNF1 and CTiON-NCNF2. The source of
composition information were SEM EDXS spectra in Figure B.16.

Sample Atomic % Weight % Rl'\il/t(i)o n(C):n(Ti) m(C):m(TiON)
C 12.7 C 6.0
CTiON- Ti 33.8 Ti 63.2
NCNF1 0 20.0 0 12.5 1.67 0.36 0.15
N 334 N 18.3
C 7.6 C 3.4
CTiON- Ti 36.8 Ti 65.6
NCNF2 O 26.1 0 156 13 0.21 0.035
N 29.5 N 154

EELS mapping that was done on an individual CTION-NCNF1 can be seen in Figure 4.26d,e.
From the mapping image, it is clear that there is a thin layer of lower N/O ratio in the thinner
parts and on the surface of the CTION-NCNF1. The line profiles in Figure 4.26¢,f show this even
more clearly. In Figure 4.26c, the O (green) line is inferior to the N (red) line throughout the core
of the CTiON-NCNF1 and only surpasses the N line in pores and on the outermost parts (5 nm —
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surface of the nanofibre) where the CTION-NCNF1 is thinner. The N/O ratio in Figure 4.26f is
similarly lower in nanopores and decreases quickly on the surface.
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Figure 4.26: EELS mapping of a CTiON-NCNF1. (a) STEM-HAADF image of the spatial drift
monitoring (in yellow) and the chosen location for EELS mapping (in green), (b) the EELS mapping
mapped area (where each pixel in the image is a whole EELS spectrum), (c) a line profile of the
image d (location is marked with a red square on image d) with an integrated width 15 nm,
where the green line represents the O edge and the red line represents N edge integration value,
(d) EELS mapping image of extracted O and N edge spectra where green represents more oxygen
content and red represents more nitrogen content (the image is smoothed), (e) N/O ratio in
every pixel as a colour distribution (the image is smoothed), (f) a line profile of the image e
(location is marked with a green square on image e) with an integrated width of 15 nm.

Similarly, EELS mapping of the cross-section of a 300 nm thick single CTION-NCNF1 (Figure
4.27) shows also this phenomenon. The inner parts of the CTION-NCNF1 have a higher N/O ratio
which decreases towards a thin strip of the surface (Figure 4.27d,e). This can be more clearly
seen in the line profiles in Figure 4.27c,f. The N line in Figure 4.27c is lower than the O line only
at the surface and the N/O ratio in Figure 4.27f is steadily decreasing from approximately 2 in
the core to 0.5 towards the surface. The thickness of the cross-section of the CTION-NCNF1
(300 nm thickness) is decreasing from the centre to the surface (left to right side of each profile).
The nanofibre was cut under an angle, which guarantees that at least some area of the cross-
section is thin enough to be analysed with EELS and EELS mapping. The N/O ratio quickly starts
diverging (very high negative and positive values) in Figure 4.27d when approaching the inner
part of the CTION-NCNF1. The background in EELS measurements is increasing due to the
increasing thickness which causes that the O and N edges are hidden in the background in the
inner part of the CTION-NCNF1 and the N/O ratio calculation makes less and less sense. The
same thing can also be seen in the line profile in Figure 4.27e, where the edge integration value
of both O and N is decreasing and overlapping more and more the closer we get to the core.
Because of this, the line profile of the N/O ratio in Figure 4.27f was restricted to only 65 nm from
the surface.
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Figure 4.27: EELS mapping of a cross-section of a CTION-NCNF1. (a) STEM-HAADF image of the
spatial drift monitoring (in yellow) and the chosen location for EELS mapping (in green), (b) the
EELS mapping mapped area (where each pixel in the image is a whole EELS spectrum), (c) a line
profile of the image d (location is marked with a red square on image d) with an integrated width
of 100 nm, where the green line represents the O edge and the red line represents N edge
integration value, (d) EELS mapping image of extracted O and N edge spectra where green
represents more oxygen content and red represents more nitrogen content (the image is
smoothed), (e) N/O ratio in every pixel as a colour distribution (the image is smoothed), (f) a line
profile of the image e (location is marked with a green square on image e) with an integrated
width of 100 nm.

The surface of nano-scale TiON and TiN can already be oxidized at room temperature [76].
N atoms in TiON or TiN are exchanged for O atoms at the start and TiO; can also be formed in
the later stages of oxidation [72]. The higher amounts of O on the surface in our study are in
agreement with this and the different results of N/O ratio from EELS and SEM EDXS are also
explained with this. A lower N/O ratio (relatively more oxygen) is to be expected with EELS due
to the limitation of EELS that it needs to be carried out on thin regions of the sample where the
surface represents a higher percentage of the analysed material in such a case. Information from
the core of thicker samples can be obtained with SEM EDXS measurements where less O is
present, which leads to higher N/O ratios.

4.3.3 Electrical conductivity and electrochemical measurements

Individual CTiON-NCNF1s were put on Protochips electrical chips. The nanofibre was connected
with Ga ions deposited platinum with FIB-SEM to the contacts on the chip in a four-probe electric
circuit configuration, as can be seen in Figure 4.28. To measure the electrical resistance of the
nanofibre, the four-probe measurement was done with the Protochips Aduro™ system using
electrical chips inside the TEM vacuum. The electron beam was blocked to avoid interaction with
the electrical conductivity measurement. Four CTION-NCNF1s were measured successfully in
total. Their electrical resistivity was calculated based on the calculated and measured physical
quantities using the following formula:

A 2
p:RTZR%, (4.1)

where R is resistance, p is resistivity, [ is the nanofibre length, and r is the average nanofibre
radius. The assumption is that the shape of CTiON-NCNF1s is cylindrical. Along the CTiON-
NCNF1, many manual diameter measurements were made to then calculate the average
nanofibre radius. The calculations and measurements are listed in Table 4.4. From the four
measured CTiON-NCNF1s, an average resistivity of 1.0 mQm + 0.5 mQm (average conductivity
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1.2 kS/m £ 0.5 kS/m) was obtained. The average conductivity is in the range of carbon nanofibres
[140]-[142], for which TiON-based nanofibres are seen as an alternative. Similar TiON
nanofibres from literature can have an electrical conductivity in the same order [72] or up to
approximately 30x higher [72], and in some cases, even approximately 3000x higher [76]. The
higher conductivity of TION nanofibres from literature [72], [76] can be explained by the fact
that, in our case, TION nanoparticles are immersed in a carbon matrix. Similarly, compared to
our CTiON-NCNF1s, TiN nanofibres can have approximately 5x higher and bulk TiN
approximately 400x higher electrical conductivity [81]. A typical current—voltage (I-V) curve can
be seen in Figure 4.29 and shows that the CTION-NCNF1s exhibit ohmic behaviour.

Pt electrodes

Pt electrodes
\ |— 200um —
Figure 4.28: SEM image of a single CTiION-NCNF1 with four-probe contact on a Protochips

electrical chip. (a) shows the arrangement of Pt contacts with the nanofibre up close and (b)
shows how the Pt contacts connect the nanofibre to the chips’ contacts from afar.

Table 4.4: Table of dimensions and electrical properties of single CTION-NCNF1s.

Fibre Nanofibre Average nanofibreResistance RConductivity  Resistivity Ro
sample No. length | (um) radiusr (nm) (kQ) (kS/m) (mQm)

1 35.2 230 120 1.8 0.6

2 22.3 207 100 1.7 0.6

3 18.0 230 130 0.8 1.2

4 44.5 170 872 0.6 1.8

Average 1.2+0.5 1.0+£0.5

Additionally, sheet conductivity of CTiON-NCNF2 fabric was measured. The sheet
conductivity of a typical sample was measured to be approximately 1.6 mS. Knowing that the
thickness was 30 um (Figure B.5a), bulk resistivity was calculated to be 19 mQm (bulk
conductivity 0.053 kS/m). The bulk conductivity is 4x lower than a comparable fabric from
another research study [74]. The characteristic length between nanofibre contacts can be
determined, which can be used as an estimate of mesh density, by comparing the resistivity of
a single CTiON-NCNF1 and bulk resistivity of the CTION-NCNF2 fabric. This can be achieved by
using a theoretical model where the nanostructure of the CTiION-NCNF2 fabric sample is
approximated as a mesh of resistors. The robustness of the contacts between the nanofibres
can be confirmed from SEM images (Figure B.4a,b) and they are therefore not expected to
present a significant portion of the total resistance. To generalize this theoretical model, it is
changed from a regular cubic lattice to a random anisotropic mesh of resistors. A cubic lattice of
resistors has a specific resistivity equal to pp;x = Rl in all directions, where / and R are length
and resistance of each lattice segment. To obtain an estimate of the characteristic length
between nanofibre contacts, both values are expressed in terms of resistivity of material p and
nanowire cross-section A, using the following equation:
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- ApPpuik (4.2)
P)

In the case of our samples, it is approximately 1.0 um. This is in agreement with the
characteristic length between the nanofibre contacts which can be estimated from the SEM
images (1 um — 3 um, Figure B.5b). As a side note, the samples are truly anisotropic only in the
plane of the nanofibre fabric.
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Figure 4.29: An example of an |-V curve of single CTION-NCNF1 which exhibits ohmic-type
conductivity.

To determine specific capacitance of CTION-NCNF2 fabric, EIS and charge—discharge curves
at different current densities (4 Ag™ — 60 Ag™') were used, as shown in Figure 4.30. The methods
used to determine specific capacitance were found in the literature [143], [144]. A higher
efficiency at higher currents is indicated by coulombic efficiencies for the charge—discharge
curves (93 % at 60 Ag'1 and 73 % at 4 Ag™!). The measured capacitances from the CV(458 Fg™),
charge—discharge (708 Fg™'), and EIS (1300 Fg™!) are equivalent if compared to the best
performing Ti-based materials in the literature [145]. The high capacitance of the CTION-NCNF2
fabric is most likely due to the combination of (a) the high electrical conductivity of CTiON-
NCNF2s and (b) the high surface area which comes from its morphology. The CTION-NCNF2
fabric seems like a promising material in the supercapacitor field.
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Figure 4.30: Graphs of electrochemical characterization of CTION-NCNF2 fabric. (a) coulombic
efficiency and specific capacitances from charge—discharge curves of CTiION-NCNF2 fabric for
different current densities, (b) CV at a scan rate of 10 mVs™?, (c) charge—discharge curves of
CTiON-NCNF2 fabric at 60 Ag™* and 40 Ag™?, from 0.05 V to 0.9 V, (d) charge—discharge curves of
CTiON-NCNF2 fabric at 20 Ag™, 10 Ag™}, and 4 Ag™%, from 0.05V to 0.9V, and (e) specific
capacitance of CTiION-NCNF2 fabric which was determined with EIS.

4.3.4 Estimation of electrical conductivity of TiON nanofibres

Estimation of the electrical conductivity of CTION-NCNF1s is also possible from the material
characterization data. We can assume that the CTiON-NCNF1s are a three-phase composite
material that is made from TiON nanoparticles and nanopores embedded in a C matrix. C and
TiON phases are both electrically conductive and it is assumed that the nanopores have an
electrical conductivity of 0 kS/m. We can determine the type of C in the C matrix based on the
shape of the C edge in EELS data (Figure B.12) [146]. The C matrix consists of amorphous C
because there is no white line visible at around 285 eV which is characteristic for o bonds [146].
The electrical conductivity of amorphous C is in the range of 1.4 kS/m - 10 kS/m (0.1 mQm -
0.7 mQm) [147]. The electrical conductivity of TiON is highly dependent on the N/O ratio. The
measured N/O ratios from EELS, STEM EDXS, TGA and CHNS, and SEM EDXS range from 0.6 to
1.7. Additionally, the electrical conductivities reported in the literature vary widely for these N/O
ratios due to different synthesis methods [72], [88], [148]—-[151]. This means that the electrical
conductivity range for TiON nanoparticles is between 0.07 kS/m and 50 kS/m. If the electrical
conductivities of the different phases vary a lot (in our case TiON nanoparticles, amorphous C
matrix, and nanopores), a simple rule of mixture (ROM) cannot be used effectively. A more
suitable theoretical model for this material is the effective medium theory (EMT) for a three-
phase composite (a C matrix with spherical inclusions of nanopores and TiON) in 3D [152].

f 91~ Teff 92 ~ eff 93 ~ eff
1 (5} + ZO'eff 2 () + Zo-eff 3 03 + Zo-eff

=0, (4.3)
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where o; is the electrical conductivity of phase i, f; is the volume fraction of phase i, and g, is
the effective conductivity of the composite. The volume fraction was calculated to be 50 vol. %
for C matrix, 40 vol. % for the TiON nanoparticles, and 10 vol. % for nanopores based on the
images in Figure B.13 and Figure B.14. The assumption was made that the surface area fraction
from the 2D image equals to the 3D volume fraction. By solving equation, an effective
conductivity range from 0.45 kS/m to 19 kS/m is obtained for our CTION-NCNF1s. As a side note,
the measured single CTION-NCNF1s (Table 4.4) have electrical conductivities within this range.
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Chapter 5

Conclusions

A series of TION nanopowder samples was analysed with different analytical methods such as
STEM EDXS, SEM EDXS, EELS, TGA + CHNS, XPS, XRD, and Raman to determine the N/O ratio and
evaluate the appropriateness of these analytical methods for N/O ratio determination in further
samples.

A new experimental platform (NanolLab) was developed to offer new pathways to
understanding the relation between composition and structure and electrochemical activity and
stability of TION-Ir support — electrocatalyst system on the atomic level. Anodized, calcined, and
nitridated Ti TEM grids were used as a support for nano-sized Ir electrocatalyst. The TiON-Ir
samples were then electrochemically treated and analysed with the MFE setup. After each
synthesis step and electrochemical treatment, the samples were analysed with IL-TEM and ex-
situ techniques.

Nanolab was used on TiON and TiON-Ir samples in order to compare their behaviour during
OER. IL-EELS measurements showed a thick TiO; layer forming on the bare TiON support sample
during electrochemical degradation estimated to be 3 nm thick and a much thinner TiO; layer
on the TiON-Ir sample estimated to be 10-times thinner, 0.3 nm, showing higher stability. IL-
STEM images showed the presence of single Ir atoms after electrochemical perturbation. The
single Ir atoms were found in Ti vacancies on the surface of the TiON support and were therefore
thought to be the reason for the increased stability. DFT calculations showed that single Ir atoms
play an important role in TION support stability as well as Ir nanoparticles.

Nanolab was also used for the analysis of bigger Ir nanoparticles supported on TiON to
understand structural changes of Ir nanoparticles during OER. In combination with in-house
developed algorithms for structural analysis from atomic resolution images, it was revealed that
surface roughening is the predominant degradation mechanism and confirmed that the
tendency of Ir nanoparticles supported on TiON to oxidize was low.

Additionally, CTiON-NCNFs were synthesized with electrospinning and nitridation as a
potential support for electrocatalysts. The 50 nm — 150 nm thick nanofibres consist of an
amorphous carbon matrix with approximately 2.4 nm-sized TiON nanoparticles embedded
within. Their electrical conductivity was measured and they were characterized with different
analytical methods. The electrical conductivity was 1.2 kS/m + 0.5 kS/m, which is better than
similar amorphous carbon nanofibres. The electrical conductivity was also estimated from
characterization results and compared to experimental results. The experimental results are
within the estimated range (0.45 kS/m — 19 kS/m).
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Appendix A
IL-TEM of TiON and TiON-Ir

A.1 Nanolab

A.1.1 Optical microscope analysis

Figure A.1 shows the change in the TEM grid sample appearance on the macroscopic level due
to the experimental steps. After anodic oxidation (Figure A.1a), the TEM grid has a metallic silver
colour with a small amount of white due to the metallic Ti TEM grid and the white TiO,. After
annealing in air at 450 °C (Figure A.1b), the TEM grid has a bluish purple colour, which is typical
for thin oxide films (oxygen vacancies are colour centres). After nitridation (Figure A.1c), the
TEM grid has a black and gold colour which is due to the formation of TiON (TiON gold in colour
in thin films and black in nanopowders due to the high electrical conductivity). The TEM grid also
becomes more fragile due to N atoms diffusing into the Ti metal (breakage can be seen in Figure
A.1d-f). Ir NPs deposition and both electrochemical degradations do not affect the colour of the
TEM grid noticeably.

Figure A.1: Optical microscope images of the TEM grid at every characterization step: (a)
anodization, (b) annealing, (c) nitridation, (d) reduction of Ir salts, (e) SW-DP, and (f) CV-DP.
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A.1.2 Additional SEM and TEM analysis of the TEM grid floating electrode and
detailed analysis of Ir nanoparticles

Figure A.2: SEM images of the TEM grid floating electrode sample after anodic oxidation at
different magnifications. The yellow square in image b indicates the same location in SEM and
TEM images (Figure A.3a).
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Figure A.3: BF-STEM images of the TiON-Ir TEM grid floating electrode sample at different
maghnifications. The yellow square in image a indicates the same location in SEM and TEM images
(Figure A.2 b).

Figure A.4: SEM images of the TEM grid (a) before and (b) after anodic oxidation.
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Table A.1: Table showing changes in particle size, circularity, and nearest neighbour distance for
the TiON-Ir sample before and after SW-DP and after CV-DP. The information for statistics was

obtained from IL-STEM-HAADF images.

TION-Ir svstem statistics TiON-Ir before TiON-Ir after SW- | TION-Ir after CV-
4 degradation DP DP
Particle size (hm?) 1.53+1.43 1.53+1.38 1.55+1.56
Circularity 0.84 £ 0.08 0.83 +0.09 0.82 £ 0.09
Nearest neighbour| ;) 1310.23 0.44 +0.24 0.45+0.24
distance (nm)
Number of particles 1709 1698 1573
a 250 b 300 TiON-Ir before C 200
degradation
200 250 TION-Ir after
g 8 SW—DIP 8 150
"; 150 "; 200 ———TiON-Ir after "g
_g- _2_- 150 Cv-DP _:O_z 100
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Figure A.5: Graphs of distributions of the TiON-Ir sample. (a) particle size distribution, (b)
circularity, and (c) nearest neighbour distance of Ir nanoparticles before and after SW-DP and
after CV-DP.

A.1.3 XPS analysis

The Ti TEM grid sample was analysed with XPS after annealing, oxidation, nitridation, Ir
deposition, and electrochemical tests (SW-DP and CV-DP). Information about the oxidation
states of Ir and surface composition was calculated from the XPS results. XPS spectra showed
the presence of C 1s, N 1s, O 1s, Si 2p, K 2p, Ti 2p, Ti 3s, and Ir 4f peaks. Surface composition of
N, O, Ti, and Ir, N/O ratio, and the share of Ir(0) and Ir(4+) after each experimental step for the
TEM grid sample were obtained and shown in Table A.2. Elements C, Si, and K were detected,
but they were not considered for quantification.

The surface composition of the TEM grid sample after anodization and annealing in air
resembles the TiO; composition (Table A.2). Surface contamination may explain the excess of O.
The high surface sensitivity of the XPS method can also detect surface contaminants such as O,,
N,, and CO,. After nitridation, N gets incorporated into the TiO; structure resulting in 23 at. % of
N, 51 at. % of O, and 26 at. % of Ti (approximately TiiN10), which means that approximately
half of the O atoms on the near surface of the TiO; structure got replaced with N atoms. After
SW-DP and CV-DP, the concentration of O increased, and N concentration decreased. This is
indicative of O atoms replacing N atoms during the catalytic reaction.

After Ir deposition, approximately 1.6 at. % of Ir are present on the surface of the TEM grid
sample. This decreases to approximately 1.5 at. % after SW-DP and to approximately 1.0 at. %
after CV-DP. The share of Ir(0) is decreasing and the share of Ir(4+) is increasing after each
electrochemical step (Table A.2).
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Table A.2: XPS surface composition in at. % for the TiON-Ir TEM grid sample, N/O ratio, and
share of different Ir(0) and Ir(4+) oxidation states in total Ir. The relative error of elemental
composition is estimated to be + 10 %.

Sample stage N 0 Ti Ir N/O Ir(0) of |Ir(4+) of
(at. %) (at. %) |(at. %) |(at. %) |ratio total Ir  |total Ir

Anodization 2 72.7 253 0 0.03 0 0
Annealing 1.3 74.1 24.6 0 0.02 0 0
Nitridation 22.7 51.2 26.1 0.0 0.44 0.0 0.0

Ir deposition 17.7 59.5 21.3 1.6 0.30 0.6 0.4
SW-DP 13.1 68.8 16.6 1.5 0.19 0.3 0.7
Cv-DP 14.1 67.5 17.4 1.0 0.21 0.0 1.0

A.1.4 Table of elemental composition of samples analysed with EELS and EDXS

Table A.3: Table of elemental composition of the sample at each experiment stage analysed with
EELS and EDXS. EELS results are the average * standard deviation of 20 measurements at

different locations. EDXS measurements were done in two locations. The relative error of

elemental composition from EDXS is estimated to be + 10 % for N and O and £ 10 % for Ti and

Ir.

Analysis method Sample stage N (at.%) O (at.%) Ti (at.%) Ir (at.%) N/O
EELS nitridation 221 34+2 44 +1 0.67 £ 0.06
Ir deposition 201 38+2 42+1 0.53 +0.07
SW-DP 18+2 40+ 4 42 £2 0.46 + 0.09
CvV-DP 17+2 42 +4 41+2 0.42 +0.07
EDXS location 1 nitridation 15.73 1.47 82.28 10.7
Ir deposition 1.23 0.35 96.14 0.69 3.5
SW-DP 1.24 0.50 96.48 0.76 2.5
Cv-DP 1.07 0.59 96.42 0.82 1.8
EDXS location 2 nitridation 15.83 1.18 82.37 13.4
Ir deposition 1.27 0.36 95.61 0.89 3.5
SW-DP 1.17 0.53 95.99 1.04 2.2
Cv-DP 0.95 0.6 96.11 1.05 1.6




66 Appendix A. IL-TEM of TiON and TiON-Ir

A.1.5 XRD analysis of white powder formed during reduction of Ir salts
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Figure A.6: XRD spectrum of NH4Br by-product. This was obtained from a similar sample in
powder form.
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A.1.6 IL-EELS mapping

Figure A.7: IL-EELS mapping images of TEM grid sample. (a-d) nitridation, (e-h) Ir NPs deposition,
(i-1) SW-DP, and (m-p) CV-DP. (a,e,i,m) colour images (red is nitrogen and green is oxygen),
(b,f,j,n) N/O ratio images (brighter pixel means higher N/O ratio), (c,g,k,0) thickness calculated
from EELS, and (d,h,l,p) EELS high loss maps (every pixel is the integral of the EELS spectrum in
that location).
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A.2 Single Ir Atoms

Figure A.8: IL-EELS measurement locations for the TiON sample. (a) before electrochemical
degradation and (b) after electrochemical degradation. Each red cross is the location of one EELS
measurement.

Figure A.9: IL-EELS measurement locations for the TiON-Ir sample. (a) Before electrochemical
degradation, (b) after SW-DP, and (c) after CV-DP. Each red cross is the location of one EELS
measurement.
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Figure A.10: STEM-HAADF images of TiON-Ir sample after (a) nitridation, (b) addition of Ir, (c)
SW-DP, and (d) CV-DP. The counted Ir-SAs are circled in red.

A.2.1 Estimation of TiO: layer thickness after degradation of TiON and TiON-Ir
Linear regression extrapolation can be used to estimate the thickness of the formed TiO; layer
on the bare TiON support TEM grid sample after degradation. The extrapolation of the equation
(Figure 4.11 after degradation equation) to (N/O ratio)=0 results in a thickness of
thk(TiO,)=2.8 nm. Because the R?values are less than 0.5 (Figure 4.12b,c), this method cannot
be used to estimate the thickness of the formed TiO, layer for the TiON-Ir TEM grid sample after
SW-DP and CV-DP.

N/O ratio

degradation ;
Low High

m - —

Figure A.11: Scheme of the change of the TiON support due to electrochemical degradation. For
the purpose of TiO, layer thickness estimation, the average N/O ratio of the dark gray area after
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electrochemical degradation is assumed to be the same as the average N/O ratio of the dark
gray area before electrochemical degradation.

An alternative way of TiO; layer thickness is needed so that the thicknesses of the TiON-Ir
and TiON TEM grid samples can be compared to each other. For this, it can be assumed that the
two average N/O ratios of TION and TiON core (before and after electrochemical degradation,
respectively) are the same (Figure A.11). Next, the thickness of the TiO, layer after
electrochemical degradation, which results in the same N/O ratio as in every data point in the
graph in Figure 4.11 (after degradation data points), needs to be found out.

N/O ratio before degradation = (N/0), = Z?;?b (A1)

b

N . _ M
ratio after degradation = (N/0), = 7(0) (A.2)

n(N)q n(N)p
N/0), = = A3
NV/0)a = 3030 ~ 70 + 1(O)ric, A3
n(0)rio, is expressed from Equation (A.3) to get

n(0)rio, = n(N)p —n(0),(N/0)q (A4)

(N/0)q

The molar fraction of Ti and O coming from TiO; in the layer after degradation is calculated

n(0)rio, + M(T)7i0,

2(Ti + 0)rip, = _ , (A.5)

"0 T () + n(0)p +n(Ti)p +1(Orio, + n(TDrio,

It can be assumed that the TiO; layer has the following Ti and O ratio
] 1
"(Tl)Tio2 = En(o)n’o2 (A.6)
3
_ 7"(0)Ti02

2(Ti + 0)rio, = (A.7)

n(N) +n(0)p +n(TD)p +31(O)rio,

It can be assumed that the layer thickness of TiO, is on both sides of the support the same. From
that, the TiO; thickness can be calculated as

thk(whole),x(Ti + 0);
thk(Ti0,), = ( )“2( rio, (A.8)

From this, the average thickness of the TiO; layer for the TiON sample can be estimated to be
3.0 nm % 0.4 nm. All data points in the graph in Figure 4.11 (after degradation data points) are
used to calculate the average thickness and standard deviation. The linear regression
extrapolation for TiO; layer thickness estimation of the bare TiON support TEM grid sample is
within the standard deviation of this method (2.8 nm) which gives confidence in the usability of
this method. If the same estimation method is used for the TiON-Ir TEM grid sample, an
estimated average TiO; layer thickness of 0.3 nm £ 0.3 nm after SW-DP and 0.0 nm + 0.6 nm
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after CV-DP can be obtained. A ten times higher stability of the TiON support due to the presence
of Ir can be assumed due to the ten-fold difference (10 + 3) between the estimated TiO, layer
thickness for TiON-Ir and TiON sample.

A.2.2 Density functional theory simulations

Ti vacancy in the TiO(001) layer Ti vacancy in the TiN(001) layer
(Ti-vacg structure) b (Ti-vacy, structure)

Figure A.12: TiON bulk cubic unit cells which contain 2 Nions, 2 O ions, 3 Tiions, and 1 Ti-vacancy.
The bulk structure of TiON consists of two interpenetrating fcc latices of O/N anions and Ti
cations (25 % Ti positions are vacancies) which are shifted by half a Bravais lattice vector relative
to each other. The location of the Ti-vacancy can be (a) in the TiO(001) or (b) in the TiN(001)
layer. These two structures are named Ti-vaco and Ti-vacy, respectively.

A.3 BigIr Nanoparticles
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Figure A.13: Graph of particle size distribution of Ir nanoparticles. The particle size distribution
was calculated from 555 nanoparticles from HAADF-STEM images.
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Figure A.14: IL-STEM images of Ir nanoparticles. (a-c) nanoparticle no. 1, (d-f) nanoparticle no.
3, and (g-i) nanoparticle no. 4. (a,d,g) before electrochemical treatment, (b,e,h) after
potentiostatic activation, and (c,f,i) after dynamic degradation. The green dots are the positions
of atomic columns. Green arrows mark sites where probably amorphous growth occurred after
dynamic degradation.
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A.3 Big Ir Nanoparticles
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Figure A.15: Images of the atomic columns with different numbers of nearest neighbours for

three Ir nanoparticles. (a-c) nanoparticle no. 1, (d-f) nanoparticle no. 4, and (g-i) nanoparticle
no. 3. (a,d,g) before electrochemical treatment, (b,e,h) after potentiostatic activation, and (c,f,i)

after dynamic degradation.
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Appendix B

Microstructure and Electrical Conductivity of
CTiON-NCNFs

Figure B.1: SEM image of (a) CTiON-NCNF1s and (b) CTiON-NCNF2s which were used for the
diameter determination. The lower left corner was the start of the measured nanofibres and the
stop was at the 50th measurement.

Figure B.2: STEM-HAADF image of TiON nanoparticles of CTION-NCNF1 which were used for the
diameter determination. The upper right corner was the start of the measured nanoparticles
and the stop was at the 250th measurement. Circles were used as an approximation of
nanoparticle shape and size.
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Figure B.3: Optical images of the CTION-NCNF2 fabric sample (a) before it was nitridated and (b)
after it was nitridated.

Figure B.4: SEM images of contacts between CTiON-NCNF2s (a,b).

Figure B.5: SEM image of CTiON-NCNF2 fabric. (a) CTiION-NCNF2 fabric thickness and (b)
examples of distances between nanofibre contacts.

B.1 CHNS and TGA Elemental Analysis

To obtain the at. % of the elements of the CTION-NCNF1 fabric, it was analysed as bulk with
CHNS and TGA analysis. CHNS analysis results give us the wt. % of H (0.9 wt. %), C (5.2 wt. %),
and N (14 wt. %). The TGA curve shows a complex oxidation process of the CTION-NCNF1 fabric
(Figure B.6). Based on the assumption that only TiO; is left after the TGA analysis, the wt. % of
Ti (70.2 wt. %) in the starting sample can be calculated from the end wt. % in Figure B.6. It can
be assumed that O represents the rest of the wt % O (9.7 wt. %). We can calculate the at. % of
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the elements from the wt. %. The result is 0.2 at. % H, 9.8 at. % C, 22.7 at. % N, 13.8 at. %, and
0 33.3 at % Ti. From this, we get a N/O ratio of 1.65.
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Figure B.6: TGA graph of the CTION-NCNF1 fabric.

B.2 Raman Spectroscopy of CTION-NCNF1s

Laser powers of 0.3 mW and 0.6 mW were used to measure the Raman spectra (Figure B.7a,b).
The characteristics are equal in both spectra. The G and D bands of carbon at 1605 cm™and
1356 cm™ are the predominant bands.

The broad overlapped bands below 800 cm™ are the most interesting feature in the spectra
(Figure B.7a,b) because the TiN bands appear in this spectral region. Doiron et al. found the
typical TiN doublet at 260 cm™ — 270 cm™ and 200 cm™, and additionally, a broader band at
approximately 450 cm™ [153]. These bands were found in the regions 520 cm™ — 610 cm™
(broader band) and 180 cm™ — 330 cm™ (doublet) by other research groups, depending on the
particle size and preparation routes [113], [154], [155]. Similarly, the bands in Figure B.7a,b with
peaks at 538 cm™ — 593 cm™ and 222 cm™ resemble the double-structured shape of TiN bands
(broader band and doublet). This suggests that TION was formed. As a side note, the existence
of a small amount of amorphous TiO- in nanofibres cannot be excluded only based on Raman

spectra.

1356

] \J
ﬁ /W“\j

4 538503 \/
1222

Q

O~ Intensity

L T L L |
500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)



78 Appendix B. Microstructure and Electrical Conductivity of CTION-NCNFs

Figure B.7: Raman spectra of CTION-NCNF1s analysed on the same position using laser powers
of (a) 0.3 mW and (b) 0.6 mW. The optical images are next to the spectra (al) initial — before
spectrum a measurement and (b1) after spectrum b measurement. The measurement site is
indicated by the red cross in the optical images.

B.3 Modelling of STEM EDXS Spectra of TION/C—CNF2s

To confirm the results of quantification from the experimental STEM EDXS measurements, the
STEM EDXS spectra of CTION-NCNF1s were modelled using Monte Carlo code DTSA-II [112]
(Figure B.8). This was done because the quantitative EDXS analysis of light elements can be a
challenge if the geometry of the sample is not ideal (uniform and flat). The quantification results
of one experimental STEM EDXS spectrum were chosen to be used as the initial input for a
modelled STEM EDXS spectrum (Table B.1) and then adjusted to better fit the experimental
STEM EDXS spectrum. The at. % of C was increased for better fitting of the C peak and the at. %
of other elements decreased but the ratio was kept the same (Table B.1). The diameter of the
measured CTiON-NCNF1 was 60 nm, that is why the material was simulated as a sphere with a
density of 3.9 gcm™ and a 60 nm diameter. The experimental STEM EDXS spectrum and the
modelled STEM EDXS spectrum were deemed to be similar enough to trust the experimental
results. The Cu Ka is due to the Cu TEM grid used as the holder of nanofibres.

Table B.1: STEM EDXS quantification results of the experimental STEM EDXS spectrum and
modelled EDXS spectrum.

Element Experimental at. % Modelled at. %
C 8.6 12
N 20.6 19.85
0] 21.3 20.5
Ti 49.5 47.65
6000
N Ko .
Ti|K
so00 S/ | / n F
3 0O Ka Cula )
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Figure B.8: A simulated STEM EDXS spectrum of a sphere consisting of C, N, O, and Ti (green line)
and an STEM EDXS spectrum of a CTION-NCNF1 (red line).
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B.4 N/O Ratio Determination with EELS

A typical EELS spectrum of a CTION-NCNF1 can be seen in Figure B.9. The signals for N (401 eV),
O (532 eV), and Ti (456 eV) are separated and well resolved. Because of this, the area of the
edges of all three elements can be easily quantified and their atomic percentages can be
determined. The background model was subtracted from the signal before the signal was
integrated for all three elements and the type of the background model was a power law type.
The Gatan Digital Micrograph programme was used to calculate the integration values and
express the at. % of each of the three elements. To obtain the N/O ratio, the at. % of N was
divided by the at. % of O. The widths and starting points of the signals and backgrounds can be
seen in Table B.2 and in Figure B.10. Four thin CTION-NCNF1s (30 nm — 75 nm diameter) were
selected to determine the average N/O ratio. In total, 10 locations were measured on the
nanofibres as an area EELS signal measurement (Figure B.11). For EELS mapping, the same
conditions were applied.

Table B.2: Table of widths and starting points of the signals and backgrounds for the
determination of at. % of elements N, O, and Ti.

Background Signal
Element Offset (eV) Width (eV) Offset (eV) Width (eV)
N -43.1 35.0 -0.1 25.0
0] -28.1 35.0 -0.1 25.0
Ti -23.1 20 -0.1 25.0
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Figure B.9: Representative EELS spectrum of a CTION-NCNF1.
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Figure B.10: Representative EELS spectrum of a CTiON-NCNF1 with labelled starting points of
signal integration (green), ranges and starting points of background determination for
background subtraction (purple), and the signal after background subtraction (orange).

Figure B.11: STEM-HAADF images of CTiON-NCNF1s (a,b) with examples of EELS analysis area
size (red square) and measurement locations.
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Figure B.12: EELS spectrum of the carbon matrix of the CTiON-NCNF1 (a) with background
subtracted and (b) the location on the STEM-HAADF image where the EELS spectrum was taken
(green arrow).
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Figure B.13: STEM-HAADF images of the two-phase nanocomposite CTiON-NCNF1 which
consists of the C matrix and TiON nanoparticles. (a) the outline of the TiON nanoparticles made
with three steps: Gaussian blur, rolling ball background subtraction, and thresholding. (b) the
outline of the CTION-NCNF1 area was made with two steps: Gaussian blur and thresholding. (c)
the original image. To estimate the nanopore volume fraction, a separate image was used.

Figure B.14: STEM-HAADF image of a nanocomposite CTION-NCNF1. To roughly estimate the
location and size of the nanopores, the nanopores were encircled in.
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Figure B.15: SEM image of CTION-NCNF2s at high magnification.
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Figure B.16: SEM EDXS analysis of CTION-NCNF1 and CTiON-NCNF2 fabric. a) SEM image of the
location on CTiON-NCNF1 fabric where SEM EDXS analysis was made, b) SEM image of the
location on CTiON-NCNF2 fabric where SEM EDXS analysis was made, c) SEM EDXS analysis of
CTiON-NCNF1 with at. % composition, and d) SEM EDXS analysis of CTION-NCNF2 with at. %
composition.
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