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ABSTRACT

Ultra-thin two-dimensional (2D) materials such as graphene have been proposed as
exceptionally thin corrosion barriers and functional coatings for contemporary metal-
lurgical alloys. The industrial application of such atomically thin coatings hinges on
their direct synthesis on the target substrate and high quality and coverage. However,
despite significant research efforts, large-scale monolayer graphene synthesis on complex
multi-element substrates, such as steels, has not yet been achieved. Furthermore, even

on pure iron direct synthesis of large-scale monolayer graphene remains elusive.

This work addresses the challenges of chemical vapour deposition (CVD) of such 2D
materials, particularly graphene, on modern metallurgical alloys. It focuses on the
problems of surface oxidation under scalable synthesis conditions and the complex
interplay of carbon with the metal substrate. Within the practical part of this work,
the CVD synthesis of large-scale high-quality monolayer graphene on iron was achieved.
Furthermore, the growth of graphene coatings on a variety of steel substrates was
significantly improved. In-situ material characterization methods, such as in-situ near
ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) and in-situ X-ray
diffraction (XRD), were employed to advance the understanding of substrate surface
and bulk behaviour during CVD graphene growth and inform ideal synthesis conditions.
Additional characterization, including nano-indentation, revealed that the iron substrate
undergoes concurrent surface hardening during CVD graphene growth, demonstrating
the ability to incorporate graphene synthesis into industrial carburization hardening
processes. Furthermore, graphene’s role as an ultimately thin functional coating was
investigated with respect to water ice nucleation on monolayer graphene/copper surfaces,
revealing a novel, fundamentally interesting phenomenon termed "freezing transparency".
Additionally, different graphene functionalization approaches were shown to influence
water freezing behaviour, shift freezing temperatures and remove this so-called "freezing

transparency".
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KURZFASSUNG

Ultradiinne zweidimensionale (2D) Materialien wie Graphen wurden als aukergewdhnlich
diinne Korrosionsbarrieren und funktionelle Beschichtungen fiir moderne metallurgische
Legierungen vorgeschlagen. Die industrielle Anwendung solcher atomar diinnen Be-
schichtungen hangt von ihrer direkten Synthese auf dem Zielsubstrat und ihrer hohen
Qualitdt und Bedeckung ab. Bislang ist es jedoch noch nicht gelungen, einlagiges
Graphen in grofsem Mafstab auf komplexen Multielement-Substraten wie Stédhlen zu
synthetisieren. Dariiber hinaus ist selbst auf reinem Eisen die direkte Synthese von

einlagigem Graphen in groffem Mafistab nach wie vor schwer zu erreichen.

In dieser Arbeit werden die Herausforderungen der chemischen Gasphasenabscheidung
(CVD) solcher 2D-Materialien, insbesondere von Graphen, auf modernen metallurgi-
schen Legierungen erortert, wobei der Schwerpunkt auf Problemen der Oberflachenoxi-
dation unter skalierbaren Synthesebedingungen und dem komplexen Zusammenspiel
von Kohlenstoff und Metallsubstrat liegt. Im praktischen Teil dieser Arbeit wurde
die CVD-Synthese von qualitativ hochwertigem Monolayer-Graphen auf Eisen un-
ter skalierbaren Bedingungen erreicht. Dariiber hinaus wurde das Wachstum von
Graphenschichten auf einer Vielzahl von Stahlsubstraten deutlich verbessert. In-situ-
Materialcharakterisierungsmethoden wie In-situ-Rontgenphotoelektronenspektroskopie
bei Umgebungsdruck (NAP-XPS) und In-situ-Rontgendiffraktometrie (XRD) wurden
eingesetzt, um das Verhalten der Substratoberfliche und des Volumens wiahrend des
CVD-Graphenwachstums zu beleuchten und ideale Synthesebedingungen zu ermitteln.
Zusatzliche Charakterisierungen zeigten die gleichzeitige Oberflachenhértung des Ei-
sensubstrats wahrend des CVD-Graphenwachstums, was die Moglichkeit aufzeigt, die
Graphen-Synthese in industrielle Hartungsprozesse einzubinden. Des Weitern wurde die
Rolle von Graphen als diinne funktionelle Beschichtung im Hinblick auf Eisnukleation
von Wasser auf einlagigen Graphen/Kupfer-Oberflachen untersucht, wobei das neuartige

Phéanomen der ,Gefriertransparenz” festgestellt wurde. Dariiber hinaus wurde gezeigt,

IV



dass verschiedene Graphen-Funktionalisierungsansétze das Gefrierverhalten von Wasser

beeinflussen, die Gefriertemperaturen verschieben und die Gefriertransparenz autheben.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Metals have long played a central role in human civilisation and are essential components
of our electronics and infrastructure today. As a result, they are frequently subjected to
harsh conditions that can degrade their properties and inhibit their intended function-
ality. This not only results in tremendous upkeep and replacement costs but can, in the
worst case, lead to catastrophic failure resulting in damage to ecosystems and the loss of
life. The need to protect metallic material surfaces from their surrounding environment,
therefore, has a long history and has resulted in a variety of protective methods. These
include passive strategies like paints or coatings and more active approaches, such as
anti—icing—1 or corrosion—inhibiting2 chemical compounds or impressed current cathodic
protection (ICCP).?

With its remarkable properties such as record high electrical conductivity,4 mechanical
stability5 and barrier capability,6’7 graphene has been the focus of decades of research
with the aim to harness its promising capabilities. The discovery of graphene as a
stable, free-standing, atomically thin membrane kickstarted the field of 2D materials,
with a multitude of different two-dimensional materials being discovered and analysed.
However, integrating two-dimensional materials, including graphene, into usable systems
and practical devices has proven to be more challenging than anticipated. This is due

to, among other reasons, non-compatible high process temperatures required for 2D
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Chapter 1 Introduction

material synthesis, difficult transfer and handling requiring novel industry procedures,

and difficulties in integrating these materials into existing manufacturing systems.8

This work contributes to integrating and applying 2D materials, specifically graphene, by
investigating the fundamental environmental interaction of ice nucleation on graphene
and scalable large-area synthesis of high-quality graphene on previously prohibitively
challenging substrates such as iron and steel. It, therefore, examines graphene in the
context of an ultimately thin functional barrier coating for different metal substrates.
This thesis is structured into three distinct overarching chapters constituting three

scientific works.

The first chapter details the synthesis of large-scale, high-quality monolayer graphene
(MLG) on iron via scalable chemical vapour deposition (CVD). This, previously not
realised, advance constitutes an important step towards incorporating graphene into
corrosion barrier applications for iron-containing metals. Here, we also discuss the funda-

mental challenges in chemical vapour deposition of graphene on metallurgical substrates.

The second chapter uses the findings of the successful graphene growth on iron to
expand the approach to three archetypal steel substrates of increasing complexity. This
chapter focuses on surface characterisation via in-situ near ambient pressure X-ray
photoelectron spectroscopy (NAP-XPS), enabled by synchrotron radiation facilities,
during the CVD graphene growth process.

The third chapter investigates graphene as a potential passive anti-icing coating on
copper. It reveals a previously unreported “freezing transparency” phenomenon and
investigates graphene functionalisation as a route to control water droplet freezing

temperatures.

Additionally, in the appendix, the challenges associated with the chemical vapour depo-
sition (CVD) of graphene on complex metallurgical substrates are discussed, exemplified

by graphene CVD on the shape memory alloy nitinol (NiT1).
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Introduction Chapter 1

1.2 Background on Graphene

1.2.1 Structure and Synthesis

Graphene is a single layer of carbon atoms arranged in a hexagonal lattice. As a sheet
of atomic thickness, it is considered a two-dimensional (2D) material and the basic
building block of many carbon allotropes, including graphite (3D), carbon nanotubes
(1D) and fullerenes (0D), visualised in figure 1.1. Elemental carbon can, in general,
exist in three hybridisations, namely spl, sp2 and sp3.9’10 This hybridisation of the
four valence electrons of carbon leads to the stark differences in carbon allotropes
such as diamond (sp’) and graphite (sp>). While sp’-hybridized carbon atoms form
tetrahedrally directed covalent o-bonds leading to a strong network and an electrically
insulating material, carbon in a spQ—hybridized state forms three covalent o bonds,
arranged trigonally within one plane, with the fourth electron forming a 7 orbital
directed perpendicular to it, which leads to high electrical conductivity within the sheet.
A sketch of the graphene lattice with its two unit-cell vectors a; and a, of the same

length and the unit cell itself is shown in figure 1.2

Figure 1.1: Graphic visualisation of graphene as the building block for different carbon
allotropes (left: fullerene, middle: nanotube, right: graphite). (Figure adapted from
Geim and Novoselov.'")

The covalent m bonds formed between neighbouring atoms provide the weak van der
Waals interaction between adjacent individual layers in the graphite structure'? and
in MLG give rise to the unique band-structure with zero band gap, that allows for
ballistic transport of massless Dirac fermions over a sub-micrometre scale.""'*™ These

quasiparticles follow a linear dispersion relation F = hkvp around the K and K’ points
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Chapter 1 Introduction

of the Brillouin zone and are described as relativistic massless particles by the Dirac
equation. Graphene is therefore often referred to as a semi-metal or zero-bandgap
semiconductor.'® " This band-structure provides graphene with very high electrical and
thermal conductivity (up to 5300 W/ mK)16 as well as high charge carrier concentration
13 -2.11
(n=10" cm )

and chemical bonding configuration lead to its very high mechanical strength and

and mobility (x = 15000 cm’ / Vs)lg. Graphene’s crystal structure

elasticity (Young’s modulus £ =1 TPa)S. This mechanical resilience is also evident
in experiments investigating graphene as a membraneﬁ, which show the impermeable

nature of single-layer glrabphene.7

Figure 1.2: Sketch of graphene crystal lattice, where A and B denote carbon atoms of
the two sub-lattices and a; and a, indicate the unit vectors. The dashed parallelogram
indicates the unit cell.

Novoselov and Geim first stabilised and electrically characterised graphene in 2004." Tt
promised to revolutionise several major industries with its record-breaking properties,
which are well-suited for applications in electronic devices, chemical sensing, nanocom-
posites and energy storauge.17 For example, the use of graphene in field-effect transistors
(FET) has been a major focus of research ever since its conception, but as predicted™ a
commercial graphene microprocessor is still not viable 20 years after graphene’s first
synthesis. The extended time and effort required for graphene and other 2D materials
to transition from laboratory research to industrial applications is, among other fac-

tors, limited by the availability of scalable synthesis routes for truly monolayer materials.

Graphene and most other 2D materials can be synthesised by two different basic ap-
proaches, which are commonly referred to as top-down or bottom-up. The top-down
method takes the bulk graphite and separates the individual layers by either mechanical

or chemical means. The bottom-up method takes carbonaceous precursors and assembles

4
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Introduction Chapter 1

the carbon into a single layer by chemical and thermal processes. For both strategies
there are multiple different methods which lead to different outcomes regarding quality,

crystal domain size and yield.

The most common top-down techniques for graphene synthesis are micro-mechanical
cleavage and liquid phase exfoliation. Micro-mechanical cleavage (also called the scotch
tape method) was used to produce monolayer graphene for the first time in 2004." Tt
uses regular scotch tape to cleave highly ordered pyrolytic graphite (HOPG) crystals
with repeated manual exfoliation. By repeatedly pressing and peeling the tape from the
graphite surface, individual layers of graphene are isolated and can be transferred onto
silicon dioxide wafers of specific thickness for optical identification. This simple yet
effective method enabled the initial discovery and investigation of graphene’s remark-
able properties and is applicable for all layered 2D materials e.g. 2D-transition metal
dichalcogenides (T MDS).18’19 This led to extensive fundamental research and promised
advancements in various fields such as electronics, energy storage, and biomedical
devices.""® The scotch tape method remains a fundamental technique for producing
high-quality graphene samples in research, despite advancements in other fabrication
methods. However, due to its lack of scalability and its limitation to single-flake pro-

duction, it is commonly not applied outside of the research context.

Another top-down technique, called liquid phase exfoliation (LPE), isolates individual
layers of graphite by exploiting the phenomenon of micro-cavitation bubbles created
by ultrasound in a liquid.m’22 This method involves dispersing graphite flakes within
a liquid solvent, often with the addition of surfactants or stabilising agents, and sub-
jecting the suspension to ultrasonic waves. The intense agitation induced by the
ultrasound leads to the formation and collapse of micro-cavitation bubbles within the
liquid, applying shear forces onto the graphite flakes and causing them to exfoliate into
thinner layers. LPE offers several advantages, including the ability to produce large
quantities of graphene dispersions with controlled layer numbers and the versatility
to use various solvents and additives to tailor the properties of the resulting graphene
nano-sheets. This technique has the potential for the scalable production of graphene-
based materials and has, therefore, received considerable research attention.”* ** It,
however, does not produce large-area, high-quality single-layer graphene but rather
a suspension of few-layer nano-sheets with varying sizes. These 2D-material suspen-
sions have a high amount of surface area and reactive edge sites and could be used in

cataly81825’26 or further processed into functional sprayable coatinng7 or printable inks.”
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The primary bottom-up technique to effectively grow graphene is chemical vapour
deposition (CVD) (discussed in more detail in section 1.2.3), specifically low-pressure
CVD (LPCVD) using catalytically active metal substrates. This approach uses carbon-
containing precursors that decompose into carbon radicals on the catalyst surface at
elevated temperatures, facilitating self-assembly into ordered graphene layers. Multiple
parameters, such as growth temperature, growth time, precursor partial pressure, gas
composition, and choice of substrate, affect the growth mechanism and overall quality
of the 2D material.” In particular, the effect of the substrate on graphene growth
is important in 2D material synthesis via CVD and is discussed more thoroughly in
section 1.2.4. CVD has proven to be a viable method to produce large area (meter-scale)
30
)

single crystal monolayer graphene on copper (Cu),” reaching comparable quality to me-

chanically exfoliated graphene, but far exceeding it in film size and production scalability.

1.2.2 Graphene as Ultrathin Functional Coating

Graphene’s mechanical and chemical stability, high conductivity, chemical inertness and
barrier capability, while being completely transparent, make it an excellent candidate
for a coating material with a diverse range of applications. The possibility to tune its
functionality by tailoring its structure, such as doping with hetero atoms or incorporat-
ing functional groups, further expands graphene’s potential as a versatile coating.m{)’3
In principle, a defect-free single layer of graphene provides a significant energy barrier to
prevent the penetration of atoms and molecules. Even small defects do not significantly

reduce this barrier capability.34’35

Both experimentalG’7 and computationa134’36 works
have demonstrated graphene’s complete impermeability to atoms and molecules larger
than a single hydrogen atom. This, together with its other properties, makes it an
attractive candidate for a protective corrosion coating in stationary applications such
as batteries, fuel cells, implantable devices and highly corrosive environments such as

o . 37
desalination plants or nuclear waste containers.

Graphene, as a monolayer, has been shown to decrease corrosion rates of Cu and Ni
substantially,38 and as a multilayer, even improved the corrosion resistance of stainless
steels.*”* These experiments, however, have investigated mostly short timescales and
there is significant evidence that, on longer timescales (months), graphene can accelerate
and cause localised corrosion.*"*” This is due to the fact that graphene generally has
substantial defects like grain boundaries when grown via CVD. These defect sites act
as starting points for local corrosion, which can be accelerated by the high conductivity

of the graphene coating and subsequently lead to stress and crack formation in the
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material, further enabling corrosion to take place.43 This galvanic corrosion problem can
be circumvented by using an insulating two-dimensional material, such as hexagonal
boron nitride (hBN).42 However, this solution is not optimal for energy applications,
where the high electrical conductivity of graphene is of obvious practical significance.
In general, the corrosion protection capability of graphene strongly decreases with the
increase in defects and inhomogeneities of the film. For instance, using transferred
graphene significantly reduces the protection potential compared to graphene grown
directly on the substrate. This is due to induced wrinkles, adsorbed contamination and
damage to the film from the transfer procedure, which decrease the interaction between
the graphene and the substrate and result in pathways for corrosion. These drawbacks
are linked to the use of monolayer graphene as an ultimately thin protective barrier,
which is why approaches using exfoliated multilayer graphene44 or graphene/graphene
oxide nanocomposite materials™”*® have been proposed. While this has shown good
results in corrosion protection, the potential of graphene as an ultimately thin barrier
is somewhat diminished when applied in a micrometer thick coating. The optimal
application of monolayer graphene as a barrier layer would involve minimal alteration of
the underlying metal surface while providing protection and good electrical conductivity,
in particular for fuel cell or battery applications. Therefore, the need arises to produce
high-quality (ideally single crystal) monolayer graphene films on a large scale, directly

on application-relevant substrates such as Cu, Ni, Fe and steel.”

1.2.3 Chemical vapour deposition introduction

The process of chemical vapour deposition (CVD) in general uses a volatile compound
in combination with other gases, which undergoes chemical reaction and results in the
deposition of a non-volatile solid on a specific substrate.”® This usually happens at
high temperatures (1000 °C) and can occur in either the gas phase or at the surface of
the substrate. In general, a thin solid coating is deposited via CVD." The substrate
surface can play a vital catalytic role in some deposition processes as is discussed in
subsection 1.2.4. The CVD process is of high industrial significance in particular in the

: . 48,49
semiconductor and ceramics industry.

The chemical reactions involved in CVD can be categorised into four principal reactions.”®
(I) Pyrolysis describes the thermal decomposition of gaseous reactants, which typically
results in the production of elemental species that can subsequently react in secondary
reaction steps. This can happen either spontaneously in the gas phase at high tempera-
tures or be enabled by the catalyst substrate. In our case, the hydrocarbon precursor gas

breaks apart at the metal catalyst substrate to leave behind carbon moieties that can
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form graphene. (IT) Reduction, often facilitated by hydrogen gas, can be used to deposit
tungsten (W) or molybdenum (Mo) films by reducing the respective hexaflourides
(WF, MOFG).48 In our CVD process, hydrogen is mainly used to reduce the native
metal oxide layer of the metal substrates, thereby keeping the substrate catalytically
active. Furthermore, the hydrogen plays a vital double role in CVD graphene growth
by forming active surface-bound carbon species (C¢Hy), required for graphene growth
and through etching away loosely bound carbon, facilitating ordered growth.50 (I11)
Oxidation is used to produce oxide material deposits, usually by letting oxygen gas react
directly with a precursor compound in the gas phase. In our CVD process oxygen plays
a detrimental role as an unwanted species present in our system. It can form surface
metal oxides on our substrate, decreasing catalytic activity and directly competing
with graphene growth. (IV) Compound formation can take place directly in the gas
phase by reacting two precursor gases to form a solid material coating by deposition.
The prerequisite for this is the sufficiently reactive gaseous precursors. This reaction
path is generally used to produce carbide, nitride and boride films.” In our CVD
process direct compound formation does not take place as we only use one carbon

containing precursor gas and our main reaction takes place on the metal catalyst surface.

CVD can be categorised via its process condition into high-pressure- (above atmospheric),
atmospheric pressure-, low-pressure- (below atmospheric) and ultrahigh vacuum (<1O'8
mbar) CVD, each having different use cases and industrial significance, with low-
pressure CVD being an integral part of modern semiconductor manufacturing.48 The
CVD process can additionally be assisted by plasma, which enhances reactivity and
allows for lower process temperatures.48 CVD benefits form the ability to utilise a wide
variety of chemical precursors and can therefore be used to produce a large variety of
material coatings, including metals, ceramics, carbides, nitrides, oxides, sulphides and
even polymers.49 Importantly for this work, CVD can also be used to synthesise 2D

. 151 ) 52
materials™ or other nanomaterials such as carbon nanotubes.

The general working principle of CVD, broken up into general steps, is illustrated in
figure 1.3.* The following steps involved in chemical vapour deposition (corresponding
to the numbers in figure 1.3) have been adapted from Xu et al.” but were previously

. 53,54
already discussed.

1. The mass transport of gaseous reactants close to the substrate;

2. Diffusion of the reactant species towards the substrate surface through the bound-

ary layer (boundary layer is defined as the non-flowing gas volume region in close
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Figure 1.3: Schematic of CVD technique, showing the principle species participating
in the process. (Adapted from Xu et al.49)

proximity to the substrate surface48), or gas-phase chemical reaction to form

intermediates;
3. Adsorption of reactant species or intermediate reactants on the substrate surface;

4. Surface diffusion/migration and/or (sometimes catalytic) chemical reaction on
the surface followed by either incorporation into the developing surface coating or

the formation of by-product species;
5. Desorption of by-product species from surface reactions;

6. Diffusion of the by-product species back through the boundary layer into the
flowing bulk gas;

7. Transport of by-product species away from the substrate and into exhaust.

An additional step in the CVD process, not addressed in the schematic in figure 1.3, is
the possible interaction of the growth atoms with the substrate material and diffusion

55,56

into the substrate, bulk™™™" which has implications for the here conducted CVD and

will be further discussed in the following sections and throughout this work.

Because of the fact that the CVD process can involve multiple gaseous precursors and
complicated reaction steps with a variety of intermediate species, it is considered a
quite complex deposition method that needs experience and repeated test runs in order
to produce the desired result.” Generally, the intermediate species participating in the
reaction are extremely difficult to identify, making it nearly impossible in most cases, to
have a complete mechanistic understanding of the whole CVD process.49 Nevertheless,
with precise control over growth parameters such as temperature, growth /exposure times,
gas flows and partial pressures and correct selection of reaction gases and substrates, a

wide variety of material coatings can be reliably realised.
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1.2.4 Chemical vapour deposition of graphene on elemental

metal catalyst substrates

CVD has evolved into the primary synthesis method for few- and monolayer graphene
and 2D materials in general, due to its scalability and industrial compatibility.57 In con-
trast to most classical CVD where precursors react in the gas phase prior to deposition
on a substrate, CVD for 2D materials utilises the catalytic ability of the deposition

56,58-61 Catalytically active transition

substrate to break down precursors on its surface.
metals such as Cu, Ni, Pd, Ru, Ir or Fe have all been used to grow graphene via CVD
with varying quality. For 2D material synthesis via CVD, the substrate plays an active
and vital role in the growth process. The solubilities of the 2D material constituent
elements, the crystal domain orientation and the catalytic activity of the substrate can
substantially influence the resulting 2D material quality. For example, the solubility of
carbon in copper is, at 0.008 wt%, very low, leading to an exclusively surface-mediated
and self-limiting growth process of overwhelmingly monolayer graphene.62 With the
control of the crystalline orientation of the copper substrate towards a Cu(111) single
crystal, graphene single crystal growth over a meter scale has been achieved. %04
Therefore, copper is the most widely used catalyst for monolayer graphene growth via

CVD.
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Figure 1.4: Figure to illustrate highly scalable production of large-scale single-crystal
monolayer graphene on copper via CVD. (a) Schematic of experimental design for the
continuous production of single-crystal Cu(111) foil with a hot temperature zone at the
center of the furnace tube. (b) Cu(1 1 1) foils with graphene coverages of ~60 % (top),
~90 % (middle) and 100 % (bottom). (c-e) Optical images representative of regions
marked in (b) with 1-3 respectively showing areas (c¢) fully covered by graphene, (d)
covered by large aligned graphene islands and (e) covered by small aligned graphene
islands. (Adapted from Xu et al.30)

In comparison, nickel has a greater carbon solubility and tends to incorporate carbon in
its bulk during precursor exposure at elevated temperatures. Upon cooling the substrate,
the decrease in carbon solubility can cause precipitation growth, where excess carbon is
forced to the surface, resulting in non-homogeneous growth with multiple layers. This

effect is highly dependent on the cooling rate and can be minimised by decreasing the

10
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growth temperature. Nevertheless, the main graphene growth mechanism on nickel is
isothermal surface-mediated growth.60 This growth characteristic implies the possibility
for large-scale monolayer graphene (MLG) growth on nickel by ensuring this to be
the dominant growth mode. And indeed, by controlling growth parameters such as
pressure, temperature and precursor it is possible to grow high quality MLG on nickel

65,66
substrates.

The use of iron as a substrate for graphene growth via CVD would theoretically be
justified by a very close match in lattice constant between ferritic iron (2.86 A) and
graphene (2.46 A).m In reality, the high carbon solubility of iron and its complex
phase diagram make it a challenging substrate for graphene growth. Furthermore,
while Ni only forms metastable carbides, that decompose upon cooling, in iron the
formation of iron carbide can compete with the graphene formation, adding to the
complexity of the growth plrocess.68’69 The phase change from a-Fe body-centered cubic
(bee) to y-Fe face-centered cubic (fec) leads to a huge change in carbon solubility from
0.022 wt% to 0.8 wt% at its eutectoid at 723°C and up to 2.14 wt% at 1147°C.%"
The common understanding is that the iron takes up large amounts of carbon in its
austenitic fcc phase during precursor exposure and, during cooling, precipitates this
dissolved carbon to the surface to form graphene. Simultaneously the remaining carbon
in the subsurface and or bulk of the iron substrate may form iron carbide (Fe;C) under
the right conditions.™ Tt is important to note that phase transitions not only depend
on the obvious parameters of temperature and carbon concentration but can also be

profoundly affected by elemental contamination or alloying elements.

Even before the analysis of graphene by Novoselov and Geim in 2004,4 a work inves-
tigating the phases formed in the iron carbide process likely formed a graphene-like
coating on iron, by exposing it to an Ar-H,-CH, gas mixture at 750 °C to 925 °C,
without identifying it as graphene and contemplating the origin of the unusual Raman
signature with an intense D band overtone at 2700 em™ """ With the stated goal of
graphene synthesis, high-quality few-layer graphene (FLG) on iron, with complete
coverage, was synthesised via CVD in 2011% using methane as a precursor and a growth
temperature of 920 °C. And monolayer graphene (MLG) has been grown on Fe(110)
single crystal films under UHV conditions.” Under scalable conditions, only partial cov-

erage, low-quality graphene with inhomogeneous layer numbers has been achieved, "™ ™"

High-quality monolayer graphene films on iron were also synthesised using a non-CVD

approach termed “segregation method”. This method uses either trace amounts of

11
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carbon in a metal ﬁlm78, or a solid carbon feedstock beneath a thin evaporated Fe
film™. The carbon diffuses through the film at elevated temperatures and segregates on
the surface, ultimately forming graphene. This method produces good-quality graphene
with precise layer control but is not applicable to bulk samples and has also only been

shown to work under non-scalable conditions.

1.2.5 Chemical vapour deposition of graphene on metal-alloy

substrates

Two-dimensional (2D) materials including graphene, are of key interest as ultimately

20,39,47,80,81 v+ -
This is because, as

thin functional coatings for modern metallurgical alloys.
mentioned before, graphene offers virtual impermeability to gases, liquids and ionic
species, suggesting it as an ultimately thin corrosion barrier material. > "% Graphene
is also chemically inert, temperature stable and has good biocompatibility.20’39’47’80786
Additionally, when its properties are normalised to its atomic thinness, graphene is
an exceptional electrical conductor, has high thermal conductivity and exhibits ex-

2039478081 1) 0] being the strongest crystal reported

traordinary mechanical properties,
to date, while still displaying significant mechanical ﬂexibility20’80 and under some
conditions smperlubricity,87’88 which suggests sufficient durability in metallurgical (low

wear) applications.

Despite this, the actual realisation of graphene as ultrathin functional coating on

ATSLEI98 The dichotomy between

metallurgical alloys has so far turned out challenging.
reported record graphene properties and its, by comparison, lower performance in
metallurgical testing results from the to-date still insufficient control over scalable

graphene growth in metallurgical application scenarios.

Growth of 2D materials incl. graphene on metallurgical alloys remains an unsolved
challenge.m’47 It requires good interfacing and control over 2D materials’ defect levels,
chemical compositions, layer numbers, lateral crystal sizes, homogeneity and coverage.
Homogeneous coverage over complex three-dimensional shapes, heterogeneous alloy
microstructures, across polycrystalline substrate grains and over pm-surface roughness
is essential, as is eventual industrial scalability. Importantly, alloy bulk microstruc-

ture and thus bulk functionality must not be degraded during 2D materials growth.ém’ﬂ’g9

As mentioned in section 1.2.4, CVD has enabled the growth of high-quality graphene and

12
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other 2D materials films (e.g. 2D hexagonal boron nitride), but so far only on dedicated
high-purity metal growth catalyst supports with simple microstructures (e.g., Cu, Ni,

58,60,61,100-102 o . :
). Their microstructures do not have to be retained during growth,

partly Fe
as subsequently 2D materials are often removed from the catalysts and transferred
to other device stacks. A simple translation of the progress on dedicated high-purity

catalysts to modern metallurgical alloys is however difficult for two key reasons.

The first reason is the required active role of the growth substrate in 2D materials

58,60,61,100-103 . .
Close matching of substrate properties

CVD via surface catalytic activity.
and 2D CVD conditions (temperature profiles, precursor fluxes, pre-treatments etc.)
is required for each substrate individuadly.%’59 Already for the dedicated high-purity
catalysts this matching has been a formidable (but now well addressed) challenge.104
For the much more complex heterogeneous microstructures of modern metallurgical
alloys such matching remains much more elusive. Even minor changes in composition
and microstructure can drastically change (and often deteriorate) 2D material growth
results. Generally, CVD of graphene on catalytically active metals such as Ni, Co,
Fe and Cu is much more readily achievable but already becomes more difficult when
additional alloying elements are added to the substrate (which is the case in practically
all modern metallurgical alloys). Furthermore, the CVD of graphene on strong carbide
formers like refractory Ti or Ta is more challenging, as carbide formation from the
carbon influx of gaseous hydrocarbon precursor breakdown at elevated temperatures

o119 Refractory substrates are also difficult

might be favoured over graphene nucleation.
to coat with graphene because the substrates readily form oxides with the residual
oxygen and water in scalable CVD systems, whereby oxide formation often further
impedes graphene CVD that typically requires reduced metallic state to be catalytically
active for growth.'” For these reasons, individual (re-)calibration of 2D materials CVD

conditions may be necessary for every different alloy composition.

The second reason is that the microstructure of the underlying metallurgical alloy
often needs to be preserved during the CVD process of 2D materials. Otherwise, the
successful deposition of a 2D material such as graphene on a metallurgical alloy can
lead to an overall functional degradation of the 2D material /support stack. This can
occur if the underlying metallurgical substrate undergoes significant microstructural
changes during the high-temperature CVD process due to diffusion of alloying elements
at elevated temperatures and/or infiltration of 2D material constituents (e.g., carbon
for graphene) into the catalyst, which can lead to detrimental effects on substrate

properties such as mechanical strength. On the other hand, if the substrate microstruc-

13
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ture and /or phase change during CVD graphene growth can be fully understood and
controlled, the CVD process could positively influence the substrate property, e.g. by
surface hardening through carburisation. This second aspect of controlling the metal-

lurgical substrate microstructure has received little attention in 2D materials work so far.

The promise of graphene as an ultrathin corrosion barrier is particularly exciting for
applications on more complex metal alloys, such as stainless steel (Fe, Cr, Ni) and

shape memory alloys (Ni, Ti).

1.2.5.1 Steel

Stainless steel, for example, would be a cost-effective replacement for graphite in bipolar
plates for fuel cells. In comparison to graphite, steel is mechanically more stable, in-
creasing the lifetime and durability of the cells and therefore making them commercially

107-109 :
Furthermore, stainless steel can be more

viable for automotive transport vehicles.
easily manufactured and machined to thin plates, potentially reducing the weight, form
factor and price of bipolar plates. Graphite, on the other hand, is chemically inert and
has superior stability in the harsh chemical environment of a fuel cell. The challenge,
therefore, is to protect the mechanically superior and cheaper to manufacture steel
from the corrosive environment without impeding current collection, by preventing the

107-109
Graphene

formation of an protective oxide layer that is electrically insulating.
is uniquely suited for this application as it is ultrathin, conductive and mechanically
stable while being a chemically inert barrier to corrosive specieséf7 So far, however,
large-scale high-quality monolayer graphene films grown directly on stainless steel are

S3ATHOS 41 d for the most part yield either inhomogeneous multilayer

still a challenge
or non-continuous monolayer coatings. Even on comparatively less complex, low-alloyed
steels CVD graphene films on par with graphene grown on copper substrates have not

) 90,116
been achieved.

As previously discussed, the controlled growth of graphene on multi-element metallurgi-
cal substrates requires the application of CVD conditions that have been specifically
designed to account for the catalytic activity, microstructure, and interaction between
carbon and the substrate (e.g. diffusion). This is particularly true for iron-based sub-
strates, which exhibit highly variable carbon solubility between their crystallographic
phases and for which carbon has a significant influence their structural transitions,
making it is essential to implement precise adjustments to the CVD growth parameters,

including the precursor flux and cooling rate, in order to achieve high-quality graphene

14
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70,110 117,118

growth. The presence of oxygen in general negatively affects graphene growth
and the homogeneous growth of graphene on stainless steel is further complicated by the
tendency of the most commonly present elements chromium and manganese to readily
form surface oxides with residual oxygen often still present under scalable conditions."™”
These oxides are catalytically non-ideal for carbon CVD and in general hinder ordered

106
surface carbon growth.

1.2.5.2 Nitinol (NiTi) shape memory alloy

NiTi shape memory alloys (also called Nitinol) are roughly equimolar alloys consisting of
nickel (Ni) and titanium (Ti) with extraordinary properties incl. a shape memory effect

H9120 e SME observed in NiTi alloys involves a reversible

(SME) and superelasticity.
phase transition between a low-temperature martensitic phase and a higher-temperature
austenitic phase. During fabrication, while in its higher-temperature austenite phase,
NiTi can be manipulated into a desired shape, which it effectively ‘memorises’. Upon
cooling to lower temperature the NiTi undergoes a phase transition to a martensite
phase. In this state, the material can undergo deformation while retaining its ability to
revert to the memorised shape upon reheating. This reversible cycling between marten-
sitic and austenitic phases enables the SME, rendering deformation in the martensitic
phase reversible. The transition temperature between the martensitic and austenitic
phases can be tailored through precise control of the Ni:Ti composition and specific ma-

terial treatments, typically spanning from room temperature to approximately 100 .

Nickel titanium (NiTi) shape memory alloys are used extensively for biomedical applica-
tions, for example as the main component of self-expandable cardiovascular stents. ¥
In general, metal implants can suffer from lack of cell adhesion, proliferation, thrombosis
and metal leaching after sustained contact with flowing blood inside the body. This
can lead to strong immune responses that can interfere with the device’s functionality

8385 I is, therefore, necessary to control and limit the

and even damage the implant.
interaction of the implant with the surrounding biological environment and improve
bio-compatibility of the metal device. This can be achieved by coating the metal with
a protective layer that should ideally be chemically inert, smooth, bio-compatible and

have high adhesion strength.119

As outlined above, graphene combines biocompatibility with chemical inertness, bar-
rier capability, conductivity and reasonable mechanical properties. For these reasons,

graphene coatings on NiTi substrates have been investigated in the past. The approaches
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that have been studied to date, include wet-chemistry deposited films consisting of
exfoliated graphene building blocks,82 graphene CVD-grown on sacrificial high-purity

83,84

Cu substrates with subsequent mechanical transfer to NiTi and first attempts of

direct graphene CVD on NiTj.*>%

CVD graphene grown on sacrificial (well calibrated) Cu and transferred to a NiTi shape
memory alloy has been shown to provide good corrosion protection and inhibit toxic

8381 For better substrate interaction and adhesion, the direct growth of

N**_ion release.
graphene on NiTi would be preferred. So far only so called “worm like” graphene has
been grown directly on NiTi at 1050 °C, with variations in layer number and overall
homogeneity, shown in figure 1.5.%° Nevertheless this coating has been shown to already
enhance biological activity compared to the bare metal substrate. The work by Li et al.®
also elucidates the growth mechanism of graphene on NiTi by elemental depth-profiling
XPS. They reported a native oxide layer on the substrate and that rutile TiO, was
persistent under their conditions up to 950 °C. At temperatures above 1000 °C, no oxide
was detected, and instead, the substrate subsurface was found to be Ni-deprived, and a
prominent TiC phase was measured, which they (Li et a1.85) identified as the active
phase for graphene growth. Indicating its role in surface carbon growth in contrast to
the Ni dissolution-segregation graphene growth mechanism on pure Ni substrates.”
These prior findings highlight that changes to the metallurgical substrate (incl. the
NiTi here) are commonplace at the elevated temperature graphene CVD conditions, as

generally eluded to above.

In the appendix, an experimental investigation specifically into the challenges of the

CVD of graphene on NiTi is presented.
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Figure 1.5: Figure illustrating state-of-the-art direct CVD graphene growth on NiTi
shape memory alloy. Scanning electron microscopy (SEM) micrographs of surface
morphology for (a) NiTi reference and graphene samples prepared at (b) 950°C (c)
1000°C and (d) 1050 °C showing “wormlike” surface structure. (e) Raman spectra
of graphene samples with different growth temperatures. (f) Transmission electron
microscopy (TEM) micrograph of free-standing graphene film transferred from 1050 °C
sample with SAED pattern as inset, showing graphene diffraction spots. (g) Raman
mapping of the complete sample surface, showing I /Ip for 1050 °C sample.(Adapted
from Li et al.*)

1.3 Publication notice

Parts of the introduction, in particular section 1.2.5 and 1.2.5.2 are part of publication

number 3 in the publication list.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1 Substrates

CVD was done on metal substrates, namely 100 pm thick (Alfa Aesar Puratonic®

99.5 %) polycrystalline iron foil; 500 pm "low-carbon" steel (DN 1.0338, H+S Prézi-
sionsfolien GmbH); 500 pm "high-carbon" steel (DN 1.0330, Fix Metall GmbH); 500
nm "high-alloy" stainless steel (DN 1.4404, H+S Prézisionsfolien GmbH); 127 pm thick
NiTi (Alfa Aesar, Nitinol foil, 45514, flat annealed) foils and 25 pum copper foils (Alfa
Aesar Puratonic® 99.999 %).

Detailed information on steel compositions is provided in the methods section in chapter
4.

2.2 Chemical Vapour Deposition

We employ a custom-built hot-wall CVD system consisting of a quartz-tube (GVB,
ENO8NB) in split-tube furnace (Carbolite Gero Split tube furnace - HZS 12/600) which
can be pumped by a rotary vane pump (Vacuubrand RZ 2.5) and small turbo molecular
pump (VARIAN, Turbo-V 70LP) combination to a base pressure of ~1x10™ mbar.
The setup allows for the turbomolecular pump to be completely bypassed, thereby
running the system using only the rotary pump. Process gases argon (Ar) (Messer
5.0, 99.999 % purity), hydrogen (H,) (Messer 2.1, 99.1 % purity) and methane (CyHy)
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Experimental Methods Chapter 2

(Messer 2.5, 99.5 % purity) are fed via a manual flow-controllers, while process gases
acetylene (CoHy) (Messer 2.6, 99.6 % purity) and a second source of hydrogen (Hy)
(Messer 2.1, 99.1 % purity) can be fed via the modular gas control unit via electronic
mass flow controllers (Bronkhorst EL-FLOW select). This modular unit can be easily
separated from the main system in order to use it for other experimental setups, e.g.
in-situ XRD. A technical sketch of the CVD system can be seen in figure 2.1 and an

image of the laboratory setup can be seen in figure 2.2.

CVD furnace Iayout @ pressure gauge
H2 @H4 Ar venting valve

:@] turbo molecular pump
-
[O] rotary pump

PX{ manual ball valve

flow controller (manual)

MFC | mass flow controller

C2H,

NH,/H,

Modular gas control unit

Figure 2.1: Technical schematic of CVD setup with gas and vacuum control overview.
The reaction zone in the furnace can be fed with either Hy, CH, or Ar through manual
flow meters which are connected via a ball valve (V1) to the furnace inlet, where the
pressure gauge is attached. A secondary fully portable modular gas control unit is
connected through the valve V2 and consists of two digital mass flow controllers for H,
and CyH, gas. Additionally the unit has a rotary pump (P2) for evacuating the gas lines
separate from the main system. The main system possesses both a small turbomolecular
pump (T1) and a rotary pre-vacuum pump (P1). The system can however be run by
completely bypassing the turbomolecular pump as well.

In general, catalytic metal substrate foils are inserted into the quartz glass tube and
positioned in the caenter of the oven hot zone. The tube is then evacuated either with
the turbomolecular (VARIAN, Turbo-V 70LP) and rotary (Vacuubrand RZ 2.5) pump

combination for the 100 pm thick polycrystalline iron foil, the 500 pm "low-carbon"
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steel, the 500 pm "high-carbon" steel, the "high-alloy" stainless steel or the 127 pm thick
NiTi foils, or solely by the rotary pump for the 25 pm copper foils. After evacuation, the
system can be purged by Ar gas multiple times as needed. The substrates are heated in
a reductive atmosphere, either pure H, or a Hy /Ar mixture, to temperatures between
500°C and 970°C. In general, an annealing step at elevated temperatures is employed
prior to the carbon precursor exposure, with the objective of reducing surface oxides,
decreasing the surface roughness and increasing the grain size of the substrate crystal
domains. For copper substrates, a flow of ~100 sccm of precursor CH, gas was added
to the Ar/H, mixture (2000 sccm /200 scem) resulting in a pressure increase from 3.5
mbar background pressure to ~5.7 mbar during graphene growth. The typical growth
time for graphene on copper was 30 min, after which the precursor flow was interrupted
and the substrates were left to cool naturally in Ar/H, atmosphere after opening the
split tube furnace. For metal substrates other than copper, including Fe/steels, the
background atmosphere during the entire CVD process was 1 mbar of pure Hy (~250
scem), while 0.1 to 10 scem of CoHy was used as a precursor gas during growth. Growth
times of 30 min were also standard for these metal substrates. Additional external

cooling with a fan was employed for somewhat faster cooling.

More detailed CVD process parameters are described for the individual experiments in

each chapter.

Vacuum pump system

i i
—_—— —— — ||

ontrI unit g

. ""Modular gas ¢

Figure 2.2: Image of the CVD lab setup used in this work. Important sections are
indicated. A technical sketch of the system is shown in Figure 2.1
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2.3 Raman Spectroscopy

Raman spectroscopy is a powerful material characterisation technique probing the
molecular vibrational states of a material based on the principle of inelastic photon
scattering. When a material is irradiated with monochromatic light from a laser, the
majority of photons are scattered elastically via Rayleigh scattering. In this case, no
energy is absorbed by the material, and the scattered photon has the same frequency
as the incident light. A small fraction of the incoming photons can scatter inelastically,
which is called Raman scattering. When this occurs the molecule (or crystal) relaxes to
a different vibrational level after excitation by the photon and in the process emits a
photon of different frequency than the incident ligh‘c.122 It is possible that the inelas-
tically scattered photon can have a higher frequency than the incident light, called
anti-Stokes scattering, and a lower frequency, called Stokes scattering. The probability
for Stokes scattering is, however, much higher leading to the red-shifted signal, which
decreased in frequency, having much higher intensity. These signals are the main source
of information in most cases.>> In Figure 2.3 a visualisation of vibrational energy

transitions for Raman and Rayleigh scattering is shown.

VIRTUAL == - = —— - —m= oo R P
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Figure 2.3: Sketch showing energy states involved in infrared and Raman spectroscopy.
Adapted from The Handbook of Infrared and Raman Characteristic Frequencies of
Organic Molecules'**

It should be noted, that Raman spectroscopy and infrared (IR) spectroscopy, in which
the sample is irradiated by a broad-band source of light in the infrared region, are related

because they are both vibrational spectroscopy techniques using light excitation. In
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general, a vibrational mode is considered IR-active if there is a change in the molecular
dipole moment during the vibration. Conversely, a vibrational mode is Raman-active if
there is a change in polarizability during the vibration. Qualitatively, antisymmetric
vibrational modes and vibrations associated with polar groups are more likely to show
significant IR absorption, whereas symmetric vibrational modes typically exhibit strong

. 122
Raman signals.

Raman spectroscopy is uniquely suited for the characterization of carbon materials,
including graphene. It can distinguish between different carbon allotropes such as
graphite, diamond, graphene, carbon nanotubes and amorphous carbon."” In partic-
ular, for graphene it can give precise information about layer number'** (especially
monolayer identification), defect density125 and even doping levels,126 making it a fast,
reliable and non-destructive method for graphene characterization. In Figure 2.4, the
Raman features labelled D, G and 2D, which are very significant for carbon material
analysis, are shown. For graphene, in particular, the intensity ratio Iop/Ig can indicate
layer number (monolayer confirmation) and the D peak, associated with the defect

density, is a measure of the structural quality of the graphene.

2D

Intensity (a.u.)

1500 2000 2500 3000

Raman shift (cm™)

Figure 2.4: Raman spectrum of graphene transferred onto Si wafer substrate. Charac-
teristic D (~1350 em™), G (~1580 cm™') and 2D (~2700 cm™) peaks used for carbon

material, in paricular graphene, analysis.

If not otherwise stated, all Raman spectroscopy shown in this work was measured using

a WlTec alpha 300 RSA+ correlative microscope with a laser wavelength of 532 nm as
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Experimental Methods Chapter 2

standard and 488 nm for copper samples. Laser power used was either 5 mW or 10 mW
depending on sample stability. Objective lenses used were a 20x and a 100x lens for
imaging and scattered light collection. In general Raman spectra were collected with
the 100x objective and an integration time of 1 s and 20 accumulations resulting in a

good signal to noise ratio.

2.4 X-ray Diffraction (XRD)

X-ray diffraction can provide detailed information on the crystallographic state of a ma-
terial, including crystallinity, crystallite size, texture and strain. It uses X-ray radiation
to irradiate the sample and measures the angles and intensities of the diffracted beam.
In this work it is used to provide crystallographic information and phase identification of
our growth substrates. Using the in-situ capabilities of our measurement setup we can

track substrate phase changes during CVD graphene growth under process conditions.

Ex-situ XRD measurements were conducted with a PANalytical X "Pert Pro multi-
purpose diffractometer (MPD), with a standard rotating stage and chromium (Cr)
anode as X-ray source with a wavelength of 2.26 A. Presented Cr anode ex-situ XRD
patterns were recalculated and scaled to match the in-situ XRD Cu anode datasets for

comparison (see following).

In-situ XRD patterns were recorded on a PANalytical X Pert Pro multi-purpose
diffractometer (MPD) in Bragg Brentano geometry, with an environmental heating
chamber (Anton Paar HTK 1200N), supporting resistive heating that can indirectly
heat samples via a heating wire to up to ~1200 °C and features atmospheric control
through gas and vacuum regulation. Samples were placed on a ceramic sample holder,
and the temperature was monitored via an RhPt thermocouple. The anode material
used as X-ray source was copper (Cu) for the in situ XRD, emitting Cu K «; and Cu
Ka, radiation (ratio 2:1) with a wavelength of 1.5406 A. The 20 range was set between
15 and 100 degrees and a scan rate of 4° min” was applied. Hy, and CyH, were fed
via MFCs (Bronkhorst EL-flow select), with the before mentioned modular gas control
unit. Pumping employed a combined small turbomolecular pump/rotary value pump
stage (turbomolecular: Oerlikon leybold vacuum turbovac T50, rotary: Vacuubrand

"chemistry hybrid pump" RC6 ).
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2.5 In-situ X-ray Photoelectron Spectroscopy (XPS)

In-situ near ambient pressure X-ray photoelectron spectroscopy (NAP XPS) allows
following the surface chemical evolution of our growth reaction under realistic process
conditions in terms of temperature, gases and gas pressures. The bridging of the
typically only UHV-compatible technique XPS with NAP capabilities is enabled via a
nozzle system and differential pumping stage between the reaction chamber (~mbar
range) and XPS analyzer (UHV conditions).

In-situ NAP XPS was conducted at two distinct synchrotron facilities. Namely, the CAT
laboratory branches of the EMIL soft beamline, UE48 /PGM, located at the synchrotron
radiation facility BESSY II (Berlin)127 and the CIRCE-NAPP branch of BL24 at the
ALBA synchrotron (Barcelona)."”®

For the EMIL beamline, the focus points of both beamlines meet in a dedicated NAP-
XPS analysis system based on a SPECS Phoibos 150 analyser, which covers the kinetic
energy range up to 7 keV. The UHV system is described in detail elsewhere."*"? All
XP spectra were recorded in normal photoemission geometry with a probing area of ~
60 pm x 120 pm corresponding to the profile of the incident x-ray beam. The overall
spectral resolution of the NAP-XPS system is about 0.4 — 0.5 eV at 10 eV pass energy.
In order to get an overview of the sample, survey spectra were recorded using Av =
1250 eV photon energy. Fe 2p, O 1s and C 1s core levels were measured with hrv =
1250 €V, 1050 eV and 800 eV, respectively.

For the CIRCE beamline near ambient pressure XPS (NAPXPS) was performed at the
CIRCE-NAPP branch of BL.24 at the synchrotron ALBA (Barcelone). The endstation
is equipped with a Phoibos NAP150 electron analyzer from SPECS, positioned at the
Magic Anglel?’l. The available energy range at CIRCE is 90-2000 eV and the beam
spot size is 100x20 (HxV) pm2, although the vertical dimension is projected due to the
almost horizontal position of the sample (grazing beam incidence). The overall energy
resolution in experiment conditions (pass energy 10 eV, exit slit 20 pm) was better than
0.3 eV. Survey spectra were recorded using hv = 1060 eV photon energy. Fe 2p, O 1s
and C 1s core levels were measured with hrv = 1060 eV, 1060 eV and 515 eV, respectively.

The binding energy (BE) was calibrated using the valence band onset of metallic Fe

with a pronounced Fermi edge with an accuracy of around 0.05 eV. Details on XPS

data fitting process and parameters are given in individual chapters.
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CHAPTER 3

REALIZING SCALABLE CHEMICAL VAPOUR DEPOSITION
OF MONOLAYER GRAPHENE FILMS ON IRON
WITH CONCURRENT SURFACE HARDENING

BY IN SITU OBSERVATIONS

3.1 Introduction

Two-dimensional (2D) materials, incl. graphene and 2D hexagonal boron nitride, have
been heralded as ultimately thin functional corrosion barrier coatings for modern met-

3947 This is because 2D materials can highly selectively

allurgical alloys, incl. steels.
impede the transport of matter but enable the transport of energy/charge between
their substrate and their environment over ultimately small thickness scales of just
one or a few atoms. For instance, graphene on steel could (due to graphene’s record
impermeability to corrosive species6’7) impede corrosive diffusional processes between

132,133) still enabling

the steel and its environment while (due to its high conductivity
highly efficient charge transfer between the steel and its environment to allow for,
e.g., efficient current collector/electrode functionality with ultimately minimal coating
thickness. Such complementary barrier functionality is much harder to achieve with
conventional, typically much thicker (=100 nm) barrier coatings.38 Likewise graphene
coatings may offer additional functionality such as controlled wetting, anti-icing or

83-85,134 Thus, substantial work has gone into coating metallurgical

39,47

biocompatibility.

alloys and in particular steels with graphene as ultimately thin, functional barriers.
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CVD Graphene on Iron Chapter 3

The target for such coatings is to produce graphene films on steels with complete cover-
age, controlled layer numbers and good interfacing to the steel substrate.”*" To date
however only structurally imperfect graphene coatings with incomplete coverage, high
defect levels, low control over layer numbers and incomplete interfacing to substrate have
been obtained on steels, be it from top-down liquid phase exfoliation”™ ™ or bottom-up

89-91,110,111,135-137

chemical vapour deposition (CVD). Importantly, even on pure iron

(Fe), the parent phase for all steels, to date no monolayered graphene films with com-
plete coverage have been reported, let alone under scalable conditions,®" 70707879 138,159
This lack of graphene growth on even simple, pure Fe is thereby a clear hindrance to

further advancing graphene growth on more complex, multi-element, multi-phased steels.

Towards filling this gap, this chapter shows the scalable CVD of monolayered graphene
films on Fe substrates. Importantly, the CVD conditions applied here are scalable and
compatible with current gas phase surface hardening/carburisation processes used in
the metallurgical industry. Consequently, it is also demonstrated that the graphene
CVD process also leads to concurrent surface hardening of the Fe substrates via carbon
uptake into the Fe sub-surface and bulk. To achieve this goal of monolayer graphene
film CVD on Fe, we here also elucidate the mechanisms of graphene growth on Fe using
complementary in situ X-ray diffractometry (XRD) and in situ near ambient pressure
(NAP) X-ray photoelectron spectroscopy (XPS) during our scalable CVD conditions
to understand the complex interplay of the Fe’s surface, sub-surface and bulk with
the gaseous hydrocarbon CVD precursors and residual trace gases under kinetically-
controlled CVD process conditions. In particular, we find that the controlled growth
of high-quality monolayer graphene on iron has been challenging not only because of
the non-trivial iron-carbon (Fe-C) phase diagram but also because of the inhibition of
graphene growth due to persistent Fe surface oxidation. We investigate and overcome
these challenges through our in situ characterisation-guided CVD process development.
Our work thereby forms a holistic framework for the process development of controlled
and scalable high-quality monolayer graphene CVD on Fe-type substrates, including
the introduction of concurrent surface hardening, which we expect also to lay the basis
for subsequent future expansion of graphene CVD coatings on persistently challenging

steel substrates.

As discussed in the introductory chapter 1, graphene CVD is a bottom-up approach in
which gaseous precursors (for graphene primarily hydrocarbons) are flown at elevated
temperatures (~400°C to ~1000 °C) over the desired growth support, leading to precur-

sor breakdown and then (under the right process conditions) graphene growth.”® %!

37



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 3 CVD Graphene on Iron

P80061 nlike conventional CVD of classical pm-thick

As prior work incl. ours has shown,
coatings where the substrate is comparatively “inert”, in graphene CVD the growth
substrate has a highly active catalytic role via surface catalytic activity and also bulk
solubilities/ diffusivities.”®™ In particular, substantial uptake of carbon, graphene’s con-
stituent element, into the growth substrate’s bulk can occur during graphene CVD. This
complicates graphene growth kinetics and requires close matching of CVD conditions
(temperature profiles, precursor fluxes, etc.) with the growth substrate. In the past,
graphene CVD has been optimised for dedicated, often sacrificial high-purity Cu and Ni

58,60,61,101,102 .
to fully covering layer-number-controlled,

metal growth catalyst supports
high-quality graphene films. In comparison, graphene CVD on Fe has been significantly

. .4 67,70-76,78,79,138,139
lacking behind.

The first factor that sets Fe apart from other catalyst substrates is the more complex,
multi-phased Fe-C phase diagram (Figure 3.1). As we have shown prior for Ni and
Cu catalyst substrates based on in situ investigations, graphene CVD follows a bulk-

P6061 This means that graphene CVD is governed

mediated surface growth mechanism.
both by surface processes (gaseous precursor breakdown and reorganisation of surface
species into graphene nuclei/domains) and bulk-mediation in which precursor super-
saturation by diffusion on the surface, into the subsurface and, depending on kinetics,
also into the bulk of the support must be reached before graphene nucleation/growth

56,5861 . .
can occur. Then, growth can proceed isothermally on the surface and/or via

"S5 Importantly, for a given catalyst support

precipitation from the bulk upon cooling.
with given C solubility, the exact pathways of graphene CVD within the interplay of
surface processes and bulk mediation can be kinetically controlled.”®” The key, hereby,
is controlling the balance between incoming precursor flux, flux to the graphene’s growth
front and what flux is diffusing into the catalyst support bulk. In principle, isothermal
surface growth typically leads to better control over 2D materials layer numbers, quality
and coverage, while precipitation upon cooling typically leads to undefined growth with
inhomogeneous layer numbers and coverage and poorer crystalline quality when using

gaseous precursors and standard CVD methods.”™"

Compared to prior work on Ni and Cu catalyst supports, which we showed to remain

58,60,61 ) )
we find in this work

single-phased during the entire graphene CVD process,
that the here investigated Fe catalyst substrate can undergo substantial, temperature-
and process-stage dependent phase transitions, e.g. body-centred-cubic (becc) to face-
centred-cubic (fcc) Fe during carbon feeding with strong increases to C solubility for

67,142,143

>727°C after transition. Such high, temperature-dependent solubility often

38



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

CVD Graphene on Iron Chapter 3

1600 T | T | | |
bcc(é\))&

y+6—]

1400 Liquid (L) B

1200 L+ fee (y)

L+Fe3C ]

fee (v) 4 1147°C

1000 |- fce (y) + graphite/Fe3C —

1
|

bee &

temperature [°C]
(@] (@]
o o
o o
T 7
| |

~<"

bece (a) + graphite/Fe3C
400 | i

— Fe-Fe;C system
—=— Fe-graphite system
| | | L

2 3 4 5 6
Weight - % Carbon

Figure 3.1: Schematic illustration of the Fe-C phase diagram for both Fe-graphite
(dashed) and (metastable) Fe-Fe3C systems (plotted with OpenCalphad'** and modified),
with a schematic illustration of the main findings of this study regarding the interplay
of CVD conditions and graphene growth results superimposed (see Discussion section).
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favours precipitation from bulk 2D growth and thus typically yields 2D films of low

101.103° A< we demonstrate in this report, the

quality when Fe-based supports are used.
key to overcoming this limitation is the identification of kinetic conditions for CVD in
terms of temperatures, precursor concentrations and diffusion fluxes that nevertheless

facilitate predominantly isothermal growth on Fe.

A second aspect that distinguishes Fe catalysts from widely used Ni and Cu graphene
growth catalyst supports is Fe’s propensity to readily form persistent surface oxides
during Fe storage in ambient conditions before CVD and also from residual oxidis-
ing species (trace oxygen and water) in situ during CVD. Surface oxides typically
completely suppress Fe catalytic ability for graphene CVD, or at best, lead to only
defective gmphene.145 Therefore, a reduction step with reductive gases, e.g. annealing
in Hy, is typically employed before hydrocarbon exposure in graphene CVD and a
reductive gas is also typically added during the hydrocarbon exposure to suppress in
situ oxidation. In comparison to Ni and Cu support, we show here, however, that
typical reduction conditions with H, are insufficient for Fe reduction under scalable
CVD conditions but that also carbothermal reduction of Fe-oxides from hydrocarbon

exposure is a critical element of monolayer graphene CVD on Fe. This highlights that
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not only the kinetics for graphene growth (as eluded to above) but also the kinetics for re-

duction of persistent Fe-oxides must be controlled for graphene CVD development on Fe.

A third aspect that is of particular usefulness for Fe is that the carbon uptake into the
sub-surface and bulk during graphene CVD (that we here also evidence using in situ
XRD and XPS) is reminiscent of industrially widely applied carburisation hardening
(case hardening) for Fe/ steels. ' Exploring this aspect, we finally also demonstrate
that under our optimised graphene CVD growth conditions, the remaining significant
carbon uptake into the Fe bulk also leads to concurrent surface hardening of the Fe
substrates. Thus, from a metallurgical application perspective, a beneficial interplay of

concurrent graphene CVD and surface hardening is demonstrated here.

3.2 Methods

Graphene CVD. The CVD setup is described in detail in section 2.2. For a typical
CVD run, samples undergo annealing in ~1 mbar reductive H, atmosphere (~250 scem,
Messer 2.1, 99.1% purity) at the respective growth temperature (500 °C to 800 °C) for 30
min (heating rate ~100 °C/min). Subsequently, 0.1 to 10 sccm of the carbon precursor
acetylene (CoH, |, Messer 2.6, 99.6% purity) is added for another 30 min. The samples
are afterwards left to cool naturally, or with the help of an external fan, in ~1 mbar
H, with the split-tube furnace heaters opened around the quartz tube. The natural
cooling rate is ~35 °C/min to ~300 °C, then ~15 min to room temperature, measured
with the internal thermocouple of the oven. H, flow is controlled by a manual flow
meter (Vogtlin Instruments GmbH, Q-Flow series) while C,H, flow is controlled by a
digital mass flow controller (MFC, Bronkhorst EL-flow select). We use 100 pm thick
(Alfa Aesar Puratonic® 99.995%) polycrystalline iron foils as catalytic growth substrate.

Ex situ Characterisation. Samples are characterised ex-situ via optical microscopy
and Raman spectroscopy (WITec alpha 300 RSA+) after CVD. Laser wavelength 532
nm, laser power 10 mW, spot size ~2 npm. Ex situ XRD measurements were conducted
with a PANalytical X’Pert Pro multi-purpose diffractometer (MPD) with a standard
rotating stage and chromium (Cr) anode as an X-ray source with a wavelength of 2.26 A.
Presented Cr anode ex-situ XRD patterns were scaled to make them comparable to the
in situ XRD Cu anode datasets (see below). While most characterisation investigated
the graphene growth results directly on their Fe growth substrates, for selected sam-

ples graphene film transfer'” was done using a polymethylmethacrylate/ethyl acetate
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mixture for drop casting a sacrificial polymer layer on top the graphene/Fe foil sample,
followed by a bubbling transfer procedure,148 before transferring the film onto a SiO4(90
nm)/Si substrate and dissolving the PMMA layer in acetone.

For the bubbling transfer, the PMMA-coated graphene/Fe foil is dipped into 0.5 molar
K,S0, together with a glassy carbon electrode. A voltage of about 4-5 V is applied,
with the glassy carbon electrode acting as the anode and the graphene/Fe foil acting
as the cathode. Hydrogen bubbles are formed between the iron foil and the PMMA-
supported graphene, separating the graphene from the substrate. Transferred graphene
is characterised by Raman Spe(:tlroscopy149 and optical contrast analysis following a
previously reported method.'” Graphene coverage was calculated using simple visual
measurements (thresholding of optical microscopy image) of graphene films on Fe and a
transferred graphene film on a SiO5(90 nm)/Si substrate. Coverage is potentially un-

derestimated for the transferred films due to possible damage to the film during transfer.

In situ XRD. A detailed description of the in-situ XRD setup used in this chapter

can be found in section 2.4

In situ XPS. In-situ NAP XPS experiments were performed at the CAT laboratory
branches of the EMIL soft beamline, UE48/PGM, located at the synchrotron radiation
facility BESSY II (Berlin)."””” Detailed experimental setup can be found in section 2.5,

Peak fitting was done in CasaXPS software™ ' and the peak shapes in table 3.1 are given
with the software command abbreviations. GL(30) denoting a Gaussian/Lorentzian
product with 30 % Lorentzian contribution. LF denotes an asymmetric Lorentzian

152153 D WHM of sp2 peak was constrained to

lineshape with a tail-dampening parameter.
FWHM of adventitious carbon peak, measured initially on bare Fe and C-O component
was constrained to follow s.p2 component FWHM. Fe-C components were also constrained

to same the FWHM based on the FWHM of the peak at 283.2 €V. General peak shapes

were based on work from Gengerbach et al..”*
’ Peak designation \ Peak position \ Peak shape \ FWHM ‘
Fe-C 283.2 eV £ 0.1 eV GL(30) 0.48 eV
Fe-C 283.7 eV £ 0.1 eV GL(30) 0.48 eV
Sp” 284.5 eV + 0.1 eV | LF(0.65,1.1,700,180,3) | 0.45 eV
Sp’ 284.8 ¢V + 0.1 6V GL(30) 0.69 eV
C-O 286 eV + 0.1 eV GL(30) 0.69 eV

Table 3.1: Peak fit Parameters for Cls spectrum shown in figure 3.10.
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3.3 Results

3.3.1 Rationally designed CVD conditions

To ensure fine control over carbon flux, we base our CVD recipe on Cy,H, as the
hydrocarbon source. The investigated process parameters are initially based on prior by
us developed CVD conditions for Ni catalyst supports.58’60 CyH, has the advantage of
dissociating readily and being active for graphene growth already at lower temperatures
from ~450 °C.”® Thus CyH, can be employed at low and well-controllable fluxes for
graphene CVD. We here employ the CyHs in a simple custom-built hot-wall quartz tube
furnace with mass-flow-controlled CyH, in-flux under medium-pressure CVD conditions
obtained by a simple pump setup (base pressure 3x 107 mbar). Detailed CVD process
is described in the methods section 3.2. We emphasise that such CVD conditions
are directly compatible with common carburisation hardening conditions in industrial
surface hardening processes146 and our CVD conditions are thus intrinsically industrially
scalable. We deliberately chose the comparatively high thickness of the 100 pm Fe foils
to also account for bulk effects that have been shown to play an important role for Ni

catalysts.56’59

3.3.2 Optimisation of Graphene CVD Results

We first describe a survey of CVD parameter space to illustrate our optimised growth
results before providing experimental (in situ) insights into the corresponding growth
mechanisms further below. Figure 3.2 shows optical microscopy images (left) and corre-
sponding, spot-localised Raman spectra (right, spot localisation indicated by coloured
spectra/spots) of growth results on the Fe supports from the above describe CVD
conditions for intermediate CoH, flux of 1 sccm as a function of growth temperature
from 500 °C to 800 °C (and referenced against as received Fe foil). For the as-received

155,156
(

Fe foil, we find in optical microscopy and Raman green trace) that the foils have

formed surface Fe-oxides from storage in ambient air.

After 500°C CVD we find the Fe foil to be inhomogeneously covered by nanocrystalline
graphite (red trace: intensity ratio D/G >2 and very low 2D intensity123’157) and
amorphous carbon (blue trace: merged D and G, no 2D158) regions. Under these
nanocrystalline graphene and amorphous carbon regions, no signs of remaining Fe-oxide
are detected in Raman, implying a localised reduction of the Fe-oxides during the CVD

process. The graphitisation level of the carbon deposits at 500 °C growth temperature
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indicates insufficient thermal activation for healing defects in the growing carbon
film."™ With increasing temperature to 600 °C, we accordingly find an improvement
in graphitisation levels: We grow inhomogeneous multilayer graphene films at 600 °C
without (blue and red traces: intensity ratio D/G ~0.3; 2D/G ~0.7)"* and with
remaining Fe-oxides (green trace). When further increasing the growth temperature
to 700°C, we find further improvements in graphitisation, indicated by a further
reduction in D/G ratio to <027 Additionally, we now see an inhomogeneous mixture
of multilayer graphene (blue trace) as well as monolayer graphene regions (red trace:

2D /G ~1.5)."* Notably, however, persistent Fe-oxides are still detected (green trace).
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Figure 3.2: Optical micrographs (left and middle panel columns) at different magnifica-
tions and spot localised Raman spectra (right panel column, spot localisation indicated
by colour-coded spectra/spots) of as received 100 pm Fe foils and growth results on Fe
after CVD with 1 sccm CyH, at temperatures from 500 °C to 800 °C. Carbon-related D,
G and 2D Raman peaksl49 are labelled, and iron oxide-related peauksl‘r’“r”156 are indicated
with “*” in the Raman spectra.
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Further increasing the growth temperature to 750 °C, we find clear improvements in
homogeneity, importantly towards predominantly monolayer graphene growth of high-
quality (red trace: D/G <0.05; 2D/G ~2).149 Quantitatively, we estimate monolayer
graphene sample coverage to ~70% (based on optical micrographs and Raman analysis
of transferred films, see methods section 3.2). Remaining non-monolayer-graphene areas
are comprised of isolated multilayer graphene islands to ~10% sample coverage (dark
spots in leftmost optical micrograph) and remaining Fe-oxide regions (~20%), which
are however void of graphene or carbon coverage (green trace). Thereby, monolayer

and multilayer graphene regions combined cover ~80% of the iron substrate.

We further confirm our monolayer assignment of these graphene films (and exclude
formation of turbostratic graphite) via a standard polymer-assisted transfer'"” of the
films from their Fe support onto 90 nm SiO,-coated Si wafers and further Raman and
optical microscopy data in Figures 3.3 and 3.4. Interestingly, when further increasing
the CVD temperature to 800 °C, we do

not observe further improvements in con- T — -
Lorentz fit

trolled graphene coverage but instead ob-

tain comparatively much more inhomo-

Peakshape Lorentz |
x-position 2699.32639 £ 0.0841|
FWHM 2533789t 0.25108

geneous carbon films with only a small

Reduced Chi squar 7.06779E-8
R"2 08815

fraction of monolayer graphene coverage

Intensity (a.u.)

(red trace) but large fractions of multi-
layer graphene growth (dark patches in

leftmost image) as well as bare remain-

ing Fe-oxide regions (green trace). No-

tably however growth at 800 °C retains N : ) : )

2500 2550 2600 2650 2700 2750 2800

similarly high graphitic quality'* (D/G T

<0.05) as for 750 °C. This indicates that

Figure 3.3: Raman 2D peak of mono-
layer graphene film transferred from iron
good but other growth mechanistic fac- substrate onto SiO, wafer and fit with sin-

. 149
tors are preventing predominant mono- gle Lorentzian (FWHM = 25.3).

layer graphene film growth.

for 800 °C, graphitisation is expectedly

Taking the so far best monolayer graphene results from CVD at 750 °C at 1 sccm CyHy
from Figure 3.2 as an optimised reference point, we then compare the effect of CyH,
flux in Figure 3.5. We however find that growth at lower CyH, flux of ~0.1 sccm
leads to only monolayer island growth with large areas of the substrate left covered in

Fe-oxide. This indicates insufficient carbon flux. Conversely, growth at increased 10
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Figure 3.4: (a) Optical micrograph of CVD graphene from 750 °C/1 sccm CyHy run
from figure 3.2 after polymer-assisted graphene transfer to 90 nm SiO,-covered Si wafer.
(b) Corresponding optical microscope pixel grey values averaged along the indicated
black line in (a). (c¢) Corresponding point-localised Raman spectra with locations in (a)
indicated by colour and symbol.

sccm CoHy flux leads to a relative increase in large-area multilayer graphitic growth,
thus implying that 10 sccm CyH, represents a too-high carbon flux for predominant
monolayer growth. This suggests that overall, at 750 °C, the 1 sccm CyH, flow rate,
under the screened conditions, optimises the balance of incoming precursor carbon,
carbon to the graphene’s growth front and carbon diffusing into the catalyst support

bulk, leading to the best monolayer graphene growth results.”

Overall, the here optimised results at 750 °C in Figure 3.2 go beyond prior literature on
graphene CVD on Fe in terms of quality and monolayer coverage, particularly under

" 67,70-76,78,79,138,139
scalable CVD conditions.

3.3.3 Investigation of Growth Mechanisms

After having established an optimised graphene CVD protocol on Fe, we now turn to
elucidating the underlying mechanisms, including in-situ investigations. We first investi-
gate the key importance of, as we find, carbothermal surface Fe-oxide reduction during
CVD growth before investigating the Fe-C phase and surface chemistry evolution in/on
the Fe catalyst support foils during our optimised CVD conditions by complementary
in situ XRD and in situ NAP XPS.

Importance of Carbothermal Reduction of Fe-oxides.
Our data in Figure 3.2 indicates that the presence of persistent surface Fe-oxides, which
we detect as a minority surface coverage under practically all CVD conditions tested,

is a remaining unfavourable factor in our graphene growth on Fe. Such Fe-oxides are
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Figure 3.5: Optical micrographs (left and middle panels) at different magnifications
and point localised Raman spectra (right panels) for 0.1 sccm (upper panels) and
10 scem (lower panels) of CyH,y precursor flow at 750 °C CVD temperature. Dashed
red outlines indicate high-quality monolayer graphene islands in upper middle panel.
The upper right panel shows Raman spectra of monolayer graphene regions (red) and
iron oxide regions (green). The lower right panel shows Raman spectra of graphitic
multilayer regions (blue) and monolayer graphene regions (red).

detrimental to graphene growth because, generally, oxides are known to be much less

106,160 . )
Surface Fe-oxides can either

suited to catalyse high-quality graphene during CVD.
form from ambient air during Fe catalyst support storage prior to CVD incl. subsequent
Fe-oxide crystallisation during the high-temperature CVD process and/or from in situ
oxidation of the Fe catalyst support from residual trace gases such as O, or water during
the CVD process.161 To counter both processes and reduce such Fe-surface oxides most
CVD recipes, including ours, use a dedicated reductive pre-treatment step and/or a
reductive ad-gas (both roles filled here by 1 mbar H,) being present throughout the
entire CVD process. Additionally, carbothermal reduction of the Fe-oxides from the
hydrocarbon source (here CyH,) also may occur. This is, however, commonly not
explicitly considered. Compared to other established graphene catalysts, Fe-oxides are

known to be more stable and intrinsically harder to reduce than in comparison under

their respective CVD conditions readily reducible Ni-oxides™® and Cu-oxides.®!

To therefore disentangle Fe-oxide formation and reduction processes under our CVD
conditions, we conduct cross-check experiments: In Figure 3.6, we present optical
microscopy and Raman spectroscopy results for 100 pm Fe foils that underwent the

CVD process at 750 °C but without C,H, addition i.e. samples only underwent an-
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Figure 3.6: Left and middle panel show optical micrographs of Hy annealed (750 °C)
Fe samples at different magnification respectively. The right panel shows point localised

Raman spectrum and iron-oxide signal (green trace), representative of the entire sample
surface.

nealing in H,. For these samples, we find no graphene growth (as expected due to no
CyH, exposure); however, despite the reducing H, conditions, the presence of a surface
Fe-oxide over the entire Fe foil surface is detected. Together with the observed presence
of an initial surface Fe-oxide in our as-received foils (Figure 3.2), this implies that under
our conditions (and in our CVD furnace) the H, alone is not sufficient for initially
present Fe-oxide reduction and suggests that the C,H, under our process conditions
has not only the role of graphene growth precursor but also of a carbothermal reduction
agent, since only with CyH, introduction, depicted in figure 3.2, the majority of the Fe
has been reduced (as indirectly evidenced by the observed carbon growth). Our results
in figure 3.2 however show that good graphene films can be achieved already by simple

and well scalable vacuum conditions (~10_3 mbar base pressure) also for Fe.

Fe-C Phase Dynamics during CVD by in situ XRD.

After having ex-situ investigated the importance of enabling surface Fe-oxide reduction,
including carbothermal reduction, we now investigate the Fe-C phase dynamics during
graphene CVD on Fe catalyst supports. Figure 3.7 shows ex-situ XRD patterns of the
Fe supports before and after CVD processing corresponding to Figure 3.2. As-received
foils are at room-temperature of phase-pure metallic body-centered-cubic (bcc) Fe (o-Fe)
structure in accordance with the phase diagram (Figure 3.1). No Fe-oxides are detected
in XRD, implying that the Fe-oxides present in the Raman spectra (Figure 3.2) are only
minor surface oxides. After CVD and subsequent cooling to room temperature, we find
for all growth temperatures the majority phase to be bee-Fe but a minority Fe-carbide
phase has been formed additionally during CVD (Note the square-root scaled intensity
scale in Figure 3.7 that strongly emphasises this minority Fe;C phase. Rietveld refine-

ment puts a maximum phase contribution of Fe3C to ~12%.). A graphite-related peak
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is detected as a function of growth temperature in accordance with the presence and
roughly the amount of multilayer graphene compared to Figure 3.2. The observation of
a Fe-carbide signal in Figure 3.7 implies that during the CVD process, the Fe catalyst
support is subjected to an influx of carbon into the catalyst bulk, resulting in the

observed formation of an additional Fe;C phase.
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Figure 3.7: Ex-situ XRD patterns of Fe catalysts supports after CVD conditions
corresponding to Figure 3.2, as received Fe foil and after only H, treatment (“annealed
at 750 °C”). Salient phases identified are indicated. (International Centre for Diffraction
Data (ICDD), PDF-5+ database, powder diffraction file entry: bce-Fe 04-015-8438;
Carbon /graphite 04-016-0554; Fe;C 04-007-0422) Note that the intensity scale is square-
root scaled and has interruptions for better visualisation of minor Fe;C phase signal.
Diffractograms measured with Cr X-ray anode then scaled to Cu radiation for easy
comparison with Cu in-situ data.

To reveal the phase evolution of the Fe catalyst support during each CVD process step,
we therefore turn in Figure 3.8 to process-step-resolved in situ XRD measurements
during our optimised CVD conditions at ~750 °C . Here, we find that the initial bcc
Fe retains its bce Fe structure during the Hy annealing step at 750 °C, but during
the subsequent CyHy exposure at 750 °C undergoes a phase transition towards face-
centered-cubic Fe (y-Fe) phase. This is direct evidence for the carbon influx into
the catalyst bulk during the C;H, exposure because according to the phase diagram
(Figure 3.1), with increasing carbon concentration in the Fe, a phase transition from bece

to fce Fe occurs for growth temperatures above the eutectoid temperature of ~723 °C.
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Concurrently, we observe the emergence of a graphite peak during C,H, exposure,
giving direct evidence of isothermal graphene growth via our in situ XRD experiments.
The observation of fcc Fe as the predominant phase during graphene CVD reaffirms
that ex-situ XRD measurements such as in Figure 3.7 can not necessarily capture the
relevant phase evolution (as no fcc Fe has been detected in Figure 3.7 at all) but that

M2 After CVD and after cooling to room

in situ experiments are necessary for Fe.
temperature, we observe that the Fe has fully reverted to bce Fe (again in agreement
with the phase diagram in Figure 3.1). During our in situ XRD measurements, no
indication for substantial Fe;C formation during the CVD process was observed. We
note, however, that our in-situ XRD runs in Figure 3.8 employed a Cu anode, which
for Fe samples results in higher background due to fluorescence, while our ex situ XRD

data in Figure 3.7 was measured with a Cr anode that allows for higher sensitivity.162
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Figure 3.8: Process-step resolved in situ XRD patterns of the Fe catalyst support
during CVD at ~750°C. Process step conditions (from bottom to top) are indicated.
Salient phases identified are indicated. (International Centre for Diffraction Data
(ICDD), PDF-5+ database, powder diffraction file entry: bec-Fe-ambient 04-015-8438;
bee-Fe-non-ambient 040-17-5839; fce-Fe-non-ambient 04-003-1443; Carbon/graphite
04-016-0554; FesC 04-007-0422) The in situ XRD patterns were measured with a Cu
anode, resulting in higher background signal for Fe,162 while the uppermost pattern was
measured ex-situ after CVD with a Cr anode thus also detecting a minority FesC phase
that was below the sensitivity of the in situ Cu anode measurements (Cr anode pattern
recalculated to 2-Theta angles comparable to Cu anode dataset). Note that the intensity
scale is square root and has intensity scale interruption(s) for better visualisation of
minority phase signals.

Conversely, when ex-situ remeasuring our in situ sample from Figure 3.8 with a Cr anode
after CVD, we accordingly measure a minor Fe;C signal (Top pattern in Figure 3.8.
Note square root intensity scale in Figure 3.8, Rietveld refinement puts Fe;C to the
upper limit of ~12 %, fully consistent with the ex-situ growth in Figure 3.7), which
could have formed either during C,H, exposure or cooling. Combined, our in situ
XRD data at optimised CVD conditions, therefore, indicates that fcc Fe is the majority
phase in the Fe foils during growth and that a minority Fe;C phase could possibly also
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be present during growth. In either case, the above XRD data has confirmed carbon
uptake into Fe as an important factor during growth (which results in the bee to fec Fe
transition and Fe;C formation) and that graphene growth occurs (at least partially)
isothermally. However, the time resolution of our in situ XRD measurements is not
sufficient to disentangle the dynamics of isothermal graphene growth and answer if
growth via precipitation of prior dissolved carbon during cooling also contributes to
graphene growth. We turn to in situ NAP XPS with better time resolution to answer

these questions.

Surface evolution during CVD by in situ NAP XPS.

We employ in situ NAP XPS to study the surface evolution of carbon and Fe and
their interactions throughout the graphene growth process at the same nominal con-
dition as in our optimised growth from Figure 3.2. Notably, while we investigate the
bulk of the Fe sample volume in our XRD measurements in Figure 3.8 (and at only

tens of minutes time resolution), with the XPS measurements, we probe the upper-

_ . : 102

most few nm in the sample surface and sub-surface and at a time resolution of seconds.
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Figure 3.9: (a) Cls time-resolved in situ NAP XPS spectra during CoH, exposure at
750 °C. Salient Cls components are indicated. (b) Zoom-in of marked region (dashed)
in panel (a). (c¢) Cls time-resolved after CoH, shut off during cooling in Hy from 750
°C.

Figure 3.9(a,b) shows time-resolved Cls spectral evolution during C,H, exposure step
at 750 °C. The Fe sample is initially fully clean from adventitious carbon (removed
during the H, pre-treatment) as evidenced by the flat Cls spectrum at 0 s in Fig-
ure 3.9(a,b). Upon CyH, exposure, we first observe the emergence of a peak at 283.2
eV, starting at ~17 s. We ascribe this 283.2 eV peak to carbon bonded at iron surface

60,163 .-
This component also has an

sites based on previous work using Ni substrates.
asymmetric shoulder towards higher binding energies at 283.7 eV (see in particular

Figure 3.9b), which becomes more visible with time. This shoulder can be ascribed to
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an additional Cls component at 283.7 eV, which we attribute to carbon dissolved in Fe,
again based on prior work.”"'% Both 283.2 eV component and 283.7 €V shoulder are
thereby direct signs of carbon influx into the Fe, in excellent accordance with the XRD
data above. We label both 283.2 eV and 283.7 eV components, therefore, as “Fe-C”.
Notably, both Fe-C components (283.2 eV, 283.7 eV) precede the first emergence of the
Cls component of sp2 graphene at 284.5 ¢V which emerges only after an incubation
time after CyH, introduction of ~51 s at 750 °C. Thereby, the Fe-C 283.2 ¢V and
283.7 €V components indicate the necessary carbon influx into the Fe subsurface before
graphene nucleation can occur. After the first emergence of the sp2 graphene at 284.5
eV signal at ~51 s, the graphene sp2 signal overtakes the dissolved carbon components
in intensity after ~113 s and then continues to rise with increasing C,H, exposure
time. This is further direct evidence of isothermal graphene growth on the Fe. In

Figure 3.10, we show a detailed Cls component fit of a representative Cls XPS spectrum.
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Figure 3.10: Cls spectrum during CoH, exposure at ~750 °C with peak components

fit to experimental data, taken from the evolution in Figure 3.9a. Detailed information
on XPS peak fit parameters can be found in the methods section 3.2

To resolve if carbon precipitation upon cooling also contributes to graphene growth

from Fe under our optimised conditions, we also follow the Cls evolution after Cy,H,
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shut off during the cooling step (~50°C/min in Hy ) in a time-resolved fashion in Figure
3.9c. We find only a small increase of graphene Cls signal at 284.5 ¢V during cooling
(by ~18 %), showing that under our growth conditions, additional graphene formation
by precipitation of prior dissolved carbon from Fe upon temperature cooling is limited.
This links excellently with the observed only minor multilayer graphene coverage in

Figure 3.2 at optimised monolayer graphene growth conditions at 750 °C.

The in situ NAP XPS data thereby indicates that the growth kinetics for our 750 °C
growth on Fe are well controlled towards almost exclusive isothermal graphene growth
with minimal additional graphene growth by precipitation upon cooling. In line with
the XRD data, this shows a significant carbon uptake into the Fe sub-surface (XPS)
and bulk (XRD, TOF-SIMS) for these kinetic conditions as part of the graphene growth
process. However, this carbon reservoir has minimal influence on graphene growth via

precipitation upon cooling.

A corollary result of this finding is that when the iron (Fe) “reservoir” for carbon uptake
into the Fe is increased, with otherwise similar carbon feeding flux, the growth kinetics
should change toward a much higher contribution of precipitation upon cooling growth.
We test this hypothesis by measuring in situ NAP XPS during higher temperature
exposure at 800 °C. Based on the phase diagram at 800 °C (Figure 3.1), we would expect
a significantly higher carbon solubility in Fe and thus a much larger free “reservoir” for
carbon in the Fe at the higher temperature. This should, for instance, directly translate
to a longer filling period of this “reservoir” and, thus, a longer carbon uptake period

before graphene nucleation.
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Figure 3.11: (a) Time-resolved in-situ XPS Cls spectra during C,H, exposure at
800 °C showing an incubation of 10 minutes from hydrocarbon exposure start to start
of isothermal surface carbon growth. Time increases from 0 s to 11 min of exposure
from bottom to top. (b) Cls time-resolved spectra during substrate cooling in H,
atmosphere from 800 °C after CyH, shut off shows significant surface carbon intensity
increase over time, reaching a plateau at around 400 °C.

Following this line of argument, we indeed find that the 800 °C growth temperature
leads to a much-increased incubation period of ~10 min (i.e. ~10-times longer compared
to only ~51 s at 750 °C) during which only the Fe-C components (283.2 eV, 283.7 e¢V)
are visible before the graphene sp2 signal at 284.5 eV appears and graphene isothermally
grows. This is shown in the in-situ Cls data during CoH, exposure at 800 °C in Figure
3.11a. Consistently, upon cooling from 800 °C after CoH, exposure, a much more
significant rise of the graphene Cls signal (284.5 ¢V) by 64 %) is evidenced (compared
to only 18 % at 750 °C), confirming a much larger contribution of precipitation upon
cooling to overall graphene growth at 800 °C (shown in Figure 3.11b). This is in
excellent agreement with the increased multilayer fraction for growth results for 800 °C

temperature compared to optimised 750 °C also in the ex-situ data in Figure 3.2.
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Hardness [GPa]
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Figure 3.12: Hardness values
from nanoidentation experiments
for a graphene/Fe sample after op-
timised graphene CVD at 750°C
(1 scem CyH,, Figure 3.2) against
an only Hy, -annealed Fe reference
sample (i.e. without CyH, expo-
sure), elucidating a surface harden-
ing effect concurrent to graphene
growth under our optimised CVD
conditions.
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Figure 3.13: TOF-SIMS carbon
anion C depth profile of H, an-
nealed (without CoHy) reference Fe
foil (red trace) and Fe foil after op-
timised CVD (black trace). The H,
annealed Fe sample shows no sig-
nificant carbon content. The CVD
iron foil shows a large carbon sig-
nal and a slight decrease prior to
levelling out, indicating a carbon-
saturated substrate.

Concurrent Surface Hardening during
Graphene CVD. After having established the
key role of carbon influx into the Fe subsur-
face and bulk during the graphene CVD pro-
cess via our (in situ) observations above, we
consequently also probe the technological im-
plication of this carbon influx. In particular,
the here clearly observed carbon uptake into Fe
is highly reminiscent of industrially widely ap-
plied carburisation hardening (case hardening)
processes for Fe/ steels."*® Comparing a Fe sam-
ple that underwent optimised graphene CVD
at 750 °C with a sample that underwent similar
H, annealing at 750 °C but without the CyH,
exposure step (i.e. no graphene growth), we
show in Figure 3.13 using depth-profiling of the
carbon signal via time-of-flight secondary-ion-
mass-spectrometry (TOF SIMS) that significant
carbon uptake into the Fe bulk from the Cy,H,
exposure is evidenced (at least to ~1 pm depth)
compared to a practically carbon-free only H,
annealed Fe reference sample. This ex-situ data
is thereby in excellent agreement with the (in
situ) XRD and XPS data above. Consequently,
we test which effect on Fe surface hardness this
carbon uptake has: Employing nanoindentation
measurements in Figure 3.12; we obtain hardness
values for a graphene/Fe sample after optimised
graphene CVD at 750 °C against a Hy-annealed
Fe reference sample. The data in Figure 3.12
clearly shows a drastic increase in hardness by
~200 % that results from the carbon influx dur-
ing graphene CVD. We thereby establish that
surface hardening occurs concurrently with the

graphene CVD process.
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3.4 Discussion

This work provides a general framework for optimising graphene CVD on Fe. We

illustrate our findings as schematic sketches to the Fe-C phase diagram in Figure 3.1.

Our data implies that at growth temperatures well below the Fe-C eutectoid (~723°C),
graphene growth on Fe is restricted by insufficient energy to nucleate and sustain
high-quality graphene growth (but not by too large carbon uptake into the Fe bulk),
explaining the graphene growth of low structural quality in Figure 3.2 below 750 °C.
At ~750°C we find that near the 723°C eutectoid a kinetic balance between well
crystallised isothermal graphene growth with only minimal additional carbon precip-
itation upon cooling can be achieved, resulting in our optimised conditions for high
quality graphene growth with unprecedented monolayer coverage on Fe. For higher
temperatures (2800 °C), while structural graphene quality may further improve from
the additional thermal energy, the drastically increasing carbon uptake into the Fe
support during graphene CVD results, however, in a hard-to-control and increasing
fraction of multilayer graphene growth from precipitation upon cooling. Thus, the
higher growth temperatures (=800 °C) again lead to worsened control over monolayer
graphene coverage. Generally, finding a kinetic balance for graphene growth on Fe is
critical for recipe development. We expect the above rationale to be applicable as a
general guideline for the Fe-C system, albeit particular conditions will need adjustments
for, e.g., sample sizes (i.e. more/less Fe volume to prefill during incubation time before
graphene nucleation), hydrocarbon type (with CoH, being fairly reactive) and desired
growth times. We expect the general rationale also to hold for steels, although the
effect of the multiple add-elements in modern steels will require further consideration

individually, which is investigated in chapter 4.

Another general finding pertaining to Fe is the here-reported importance of controlling
persistent Fe-surface oxides that can inhibit graphene growth and are harder to remove
than in typical Ni- or Cu-based graphene recipes (which we can use without signs of
persistent oxides on Ni or Cu in our CVD system147)(see chapter 5 and appendix A.1).
We show however that, in conjunction with the implicated carbothermal reduction
observed during hydrocarbon exposure, the simple and scalable vacuum conditions
employed in this study are sufficient to account for the heightened propensity of Fe-oxide

formation relative to other typical graphene growth substrates.

Finally, we demonstrate that the carbon uptake during graphene CVD is not only
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relevant for a more complete mechanistic understanding of graphene CVD on Fe but
also has, via the here introduced concurrent surface hardening during graphene CVD,
technologically beneficial implications. In particular we demonstrate the potential of
development for combined graphene growth and surface hardening processes for metal-

lurgical materials, which is an aspect that remained little addressed in the literature.

3.5 Conclusions

In summary, we have developed a CVD process for the growth of graphene on iron
substrates that can produce high-quality monolayer graphene films with monolayer
coverage of ~70% and total graphene coverage of ~80 % under scalable CVD condi-
tions. This represents a significant improvement of monolayer graphene CVD on Fe
and is a prerequisite for growing graphene on more complex multi-element iron alloys
such as steels. To obtain direct insights into the underlying growth mechanisms, we
have followed the entire graphene CVD process on Fe using complementary in situ
techniques to probe bulk crystallographic (in situ XRD) and surface chemical (in situ
NAP XPS) evolution during CVD. Using this approach, we identified that specifically
(i) carbothermal reduction of persistent Fe-oxides and (ii) kinetic balancing of carbon
uptake into the Fe during CVD near the Fe-C eutectoid are critical for high-quality
monolayer graphene CVD. Furthermore, we demonstrated that the carbon diffusion
into the Fe is not only interesting from a growth mechanistic point of view but akin to
industrial surface hardening processes (carburisation/case hardening) and, as such, can
be beneficially utilised for establishing concurrent graphene CVD and surface hardening

processes, as we also demonstrated in this work.

3.6 Publication Notice

This chapter has been submitted for publication and is listed as number 1 in the

publication list.
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CHAPTER 4

IN-SITU NEAR AMBIENT PRESSURE XPS OF GRAPHENE
CVD PROCESS ON INDUSTRIALLY RELEVANT STEEL
SUBSTRATES

4.1 Introduction

The protection of steel surfaces from environmental degradation is a crucial concern
across various industries, including also recently in sustainable energy storage and
conversion applications. For example, as mentioned in section 1.2.5, stainless steel,
known for its mechanical stability and durability, is a promising candidate for replacing
conventional graphite bipolar plates in fuel cells or to be used as inexpensive current

7199 1 such applications, where steel components would be

collectors in batteries.
exposed to harsh (corrosive) operating conditions, the need for effective corrosion pro-
tection is particularly important while however also requiring efficient electron transport
in/out of the steel. Stainless steel has the ability to form a corrosion-protective oxide
layer under oxidative conditions within, e.g., a fuel cell. However, this layer can unin-
tentionally hinder its performance and efficiency by impeding electron transfer across
the electrode interface.”” Even though a decade of research has been conducted on
this topic and coatings have been devised that improve corrosion resistance and have
smaller interfacial contact resistance, the main challenge to produce a cost-effective and

commercially viable metal bipolar plate still remains. 1%
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As elaborated, the remarkable combination of mechanical strength, electrical conductiv-
ity and barrier capability of graphene, offers an intriguing solution to this challenge.
As an ultra-thin, electrically conductive material, graphene has the potential to act as
a protective coating for stainless steel bipolar plates, mitigating the adverse effects of

oxide formation while maintaining their current-collection capability.

The most prominent synthesis route for the scalable production of high-quality graphene
films on metals is chemical vapour deposition (CVD). While CVD growth of monolayer
graphene on high purity, sacrificial metal catalyst substrates such as copper and nickel
is possible on a wafer scale,57 even graphene grown on iron, the parent phase of all steels,
has so far been of only limited structural quality, limited control over layer numbers

70,73,75,164 T2y ) .
or under non-scalable conditions.”~ This is explained by iron’s

and/or coverage
high carbon solubility, it’s tendency to form oxides and carbides and the generally
complex Fe-C phase diagram, leading to phase changes and possible phase separations

during the CVD process, which is was discussed in more detail in section 1.

In particular, iron and steel substrates are known to yield significant amounts of multi-
layer graphene through the secondary growth mechanism of carbon precipitation during

. 137,165
substrate cooling.

In chapter 3, large-scale predominantly monolayered, high-quality graphene films on
pure iron substrates were shown to be achievable with a scalable low-pressure CVD
approach using acetylene (CoHy) gas as a precursor. In particular, it was shown, using
complementary in-situ characterisation during the scalable CVD conditions by in-situ
near ambient pressure X-ray photoelectron spectroscopy (NAP XPS) and in situ X-
ray diffractometry (XRD), what kinetic conditions in terms of hydrocarbon precursor
feeding rates and temperatures are necessary for monolayered graphene film growth
on Fe. Key to the optimised growth was a delicate balance of CoH, flux at 750 °C
near the eutectoid temperature in the Fe-C system. Under these kinetic conditions,
enough thermal energy was provided for high-quality graphene formation, but the
carbon uptake into the Fe bulk after phase transformation to higher carbon solubility

fce phase, and therefore also the precipitation during cooling, was limited.

In this study, we employed our in situ approach to tackle the even more complex task
of graphene CVD on steels. In particular, we selected three distinct steel grades of
industrial significance and increasing complexity for our graphene CVD in situ studies.

The primary material is a mild low carbon (~0.08 weight-%), low-alloy steel (DN
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1.0338) used mainly for cold forming, as a closely related system to the pure iron Fe
substrate we used in the previous chapter. However, the low-alloy steel is significantly
less expensive than the high-purity Fe substrates previously utilised. We continued
our investigation with an archetypical medium-alloyed construction steel ("DC01" DN
1.0330) with higher carbon content (<0.12 weight-%) and one alloying element (<0.6
weight-% Mn). Finally, we explored the growth of graphene on a complex high-alloy
CrNiMo high-alloy stainless steel (DN 1.4404) as the most complex steel substrate. For
all steel types, we followed the surface chemical evolution of the growing carbon layers
and the steel substrates for the entire graphene growth process using in-situ NAP XPS
under CVD conditions.

We demonstrate that graphene growth on inexpensive mild low-carbon steel is of
comparable quality to that observed in our previous work on the more expensive,
pure Fe. In contrast, a simple translation of the optimised CVD process on Fe to
the medium-alloyed construction steel with higher carbon content and additional alloy
element content is not possible. We find that the inherently high carbon content in
the steel interferes with graphene growth, leading to only partial or disordered carbon
growth under our CVD conditions. To combat this detrimental effect, we devise a
two-step growth procedure including dynamic cleaning of excess surface carbon based
on our in-situ insights. With this adapted process we achieve few-layered graphene of
good structural quality on the medium-alloy steel. For the high-alloy stainless steel, our
in-situ study reveals that inhibition of graphene growth by persistent (Cr-)oxides can
be overcome by better vacuum conditions, whereby we achieve growth improvements to
a continuous nanocrystalline graphite film on the highly alloyed stainless steel based
on our in-situ insights. Combined, our in-situ derived findings establish a mechanistic

framework for developing graphene CVD on steels.

4.2 Methods

Steel samples Three steel samples of different compositions were investigated (detailed
compositions shown in table 4.1). The detailed descriptions of the samples as well
as the lab-CVD and in-situ XPS setup and procedures can be found in the general

methods section in chapter 2.

In-situ NAP XPS procedure. General annealing and exposure process is analogous

to procedure in capter 3, unless otherwise specified. The oxygen cleaning procedure was
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Steel grade ‘%C %St %Mn %S %P %Mo %N %N %Cr

DN1.0338 0.08 0.09 032 001 001 - - 0.02  0.02
DN1.0330 0.12 - 0.6 0.045 0.045 - - - -
DN1.4404 0.02 0.5 1.35  0.002 0.036 2.05 0.03 10.10 16.64

Table 4.1: Steel compositions of the three steel samples given in maximum wt% of
alloying elements. (—) denotes elements that are not specified by the producer. This,
however, does not guarantee that the steel does not contain these elements.

done after the initial reduction in ~1 mbar Hy. O, gas was leaked into the evacuated
chamber at a pressure of ~5 x 10 mbar at a temperature of ~600°C. Afterwards, the

sample was re-annealed in Hy at ~700°C before CoH, exposure at ~750 °C.

4.3 Results and Discussion

4.3.1 Unalloyed Low-alloyed low-carbon steel DN 1.0338

We regard this low-alloyed low-carbon steel (DN 1.0338, steel composition in section 4.2
Table 4.1) with low carbon content (<0.08 weight-%) as the first next step in increasing
complexity from the pure iron Fe substrate from our prior work towards graphene
growth CVD on multi-elemental complex steel substrates. Optical micrograph and
Raman spectrum of as received surface in Figure 4.1 show that the low-alloyed steel
surface is initially free of significant carbon deposits as evidenced by a flat Raman
signal. Visually rolling striations from cold rolling are apparent on the as-received steel

surface, which is common for metal foils.

Therefore, we employ the same rationally designed CVD conditions as for pure Fe
substrates, based on CyH, as our hydrocarbon precursor gas. We employ these CVD
conditions both ex-situ in a lab-based furnace system (“ex-situ”) and in situ during NAP
XPS measurements (“in-situ”). Temperatures and gas feeding in the in-situ experiments
are kept as close as technically possible to the ex-situ conditions. The only key exception
between ex-situ conditions and in-situ conditions is a much better base pressure of

~10"® mbar in in-situ conditions compared to only ~10" mbar in ex-situ conditions.

The CVD process runs at medium feeding gas pressure (~1 mbar) and a temperature
of 750°C in a custom-built hot-wall split tube furnace with a simple pump setup (base
pressure ~1 x 10° mbar), detailed in chapter 2. The samples first undergo an annealing
step in a reductive hydrogen Hy environment (~1 mbar, typically 30 min) prior to

hydrocarbon exposure, preparing the steels for graphene growth by reducing native
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metal surface oxides from handling and storage in ambient air and increasing crystallite
size. The H, is also retained as a background gas in order to maintain a reductive
atmosphere and improve graphene growth in the following growth step when CyH, is
introduced. After growth with CoH, of typically ~30 min, the CoH, is shut off and the

sample is left to cool naturally in ~1 mbar H, .

i
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Figure 4.1: Optical micrographs (upper panels) and corresponding point localized
Raman spectra (lower panels) of the as received steel sample surfaces. The top panel
shows the low-carbon (DN 1.0338) steel with the Raman spectrum indicating small
amounts of surface oxides. The middle panel shows the high-carbon (DN 10330) steel
with the Raman indicating surface oxidation and a significant amount of graphitic
disordered surface carbon. The lower panel shows the high-alloyed (DN 1.4404) stainless
steel with the Raman spectrum indicating minimal surface oxidation.

In Figure 4.2 optical microscopy images of the steel substrate surface after ex situ
CVD processing are shown together with point localised Raman spectra. We find
the Fe surface to be covered by a mix of defect-free mono-layer graphene regions and
few-layer graphene regions with higher defect density. In Figure 4.3 optical microscopy
images of the steel substrate surface after in-situ CVD processing in the NAP XPS are
shown together with a point localised Raman spectrum, this time with predominantly
monolayer growth of low defect graphene (Ip/Ig = 0.3), accompanied by minority

multilayer graphitic regions.
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Figure 4.2: (a) Optical micrograph of steel surface after ex-situ CVD process (20x
magnification). (b) Optical micrograph of steel surface after ex-situ CVD process
(100x magnification) with marked locations of point localized Raman spectra displayed
in panel c. (c) Point localized Raman spectra of indicated locations in panel b of
high-quality graphene areas and defective few-layer regions.
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Figure 4.3: (a) Optical micrograph of steel surface after in situ XPS CVD process
(20x magnification). (b) Optical micrograph of steel surface after in situ XPS CVD
process (100x magnification) with marked locations of point localized Raman spectrum
displayed in panel c. (¢) Point localized Raman spectrum of indicated location in panel
b of mono-layer graphene area.

The coverage and quality of the graphene growth on the low-alloyed steel is comparable
to the growth that we have previously achieved on pure Fe substrates. This demon-
strates that our scalable CVD conditions are applicable not only on ultra-pure metals
but also allow for low-cost metal substrates with inherent impurities in the form of
inexpensive low-alloy steel. We emphasise that the transferability of a CVD recipe
between an expensive high purity metal substrate and a cheaper lower purity substrate
is often not so straightforward, as e.g. show for prior results on Cu where graphene

growth quality decreased with decreasing Cu substrate pu1rity.166

We now proceed to analyse the in-situ NAP XPS data recorded during the in-situ
graphene CVD on the low-alloyed steel. As shown in Figure 4.4, the as-loaded steel
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sample shows surface carbon contamination (285.1 eV), which based on the binding
energy we ascribe to mostly adsorbed adventitious hydrocarbons from sample stor-
age and handling in air. This carbon signal is reduced by a factor of 94 % to a
minimal Cls signal during annealing in Hy at elevated temperature (~750°C), and
its position shifts to around 284.6 €V, indicating the graphitisation of the minimal
remaining surface-/intrinsic carbon on the surface of the substrate. We note that
in comparison, the pure Fe substrate did show a completely flat baseline after H,
pre-treatment (shown in Figure 3.9), indicating that the minimal persistent Cls signal

on the low-alloy steel may be directly connected to the 0.08 weight-% carbon in the steel.
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Figure 4.4: The lower panel shows the Cls signal of the as-loaded low-alloyed DIN
1.0338 steel fitted with a single component representing sp3 surface carbon. The upper
panel shows the Cls signal after annealing in hydrogen at ~750°C. The signal is shifted
towards lower binding energy (284.6 e€V) and best fitted with an asymmetric peak
related to sp2 hybridised carbon. The intensity scale in the upper panel is scaled up by
a factor of 10, indicating that most of the initially present carbon was removed from
the surface during the H, annealing.

As the steel is exposed to C,H, gas, a distinct Fe-C component (283.2 €V) emerges

60,163

that is ascribed to carbon bonded at iron surface sites. As shown in the inset to

Figure 4.5, this Fe-C component increases in intensity for about 5 min before remaining
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constant for another 3 minutes. In Figure 4.6 the initial 4 scans after exposure are

component fit to show the emergence of the Fe-C component in detail.
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Figure 4.5: Time-resolved XPS Cls signal during in situ CoH, exposure start showing
emerging signal from Fe-C bonds (283.2¢V) and rise of sp” graphene (284.7¢V) after
420 seconds of exposure. The insert shows the first 7 minutes of exposure for better
visibility of the Fe-C component evolution.

Subsequently, Figure 4.5 shows that rapid isothermal surface graphene growth starts
with the surge of the graphene sp2 Cls component at 284.6 eV component after 8 min of
precursor exposure. This underscores our understanding that there is a period of carbon
diffusion on the surface and into the subsurface of the steel before the necessary carbon
saturation for isothermal surface graphene growth is reached. Upon CyH, shut-off and
leaving to cool in Hy we also follow the Cls evolution in Figure 4.7 and observe further
carbon precipitation from the steel (26 %), matching with multilayer regions in the
optical image in Figure 4.3. This indicates that under our conditions precipitation of
carbon from the steel is kinetically limited. The overall behaviour of this Cls evolution
on the low-alloyed is thereby very similar to the graphene growth observed in chapter 3

for pure Fe.
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Figure 4.6: Time resolved detail spectra of the Cls region of the 1.0338 steel sample
during CoHy exposure at 750 °C. It shows the emergence of the Fe-C component (283.2
eV) in the beginning of the exposure sequence (exposure time in seconds indicated
inside the graph on the left).
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Figure 4.7: Time resolved detail spectra of the Cls region of the 1.0338 steel sample
before and after cooling, showing the increase of the overall Cls signal by ~26 %.
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4.3.2 Medium-alloyed high-carbon construction steel (DCO01
1.0330).

Next we consider the medium-alloyed high-carbon construction steel (DCO01 1.0330,
steel composition in Table 4.1) as a good candidate towards more complex steels due
to its increased carbon (0.12 weight-%) and (0.6 weight-%) Mn contents. Notably, the
as received substrate surface of the medium-alloyed steel in Figure 4.1 differs from the
low-carbon and stainless steel by displaying a significant amount of already initially
present graphitic surface carbon (i.e. beyond the adsorbed adventitious carbon only
noticeable in XPS), as evidenced by a pronounced G and D Raman peak for the as
received medium-alloyed steel. Furthermore, the surface visually differs from the other

steel grades by increased surface roughness.

When we apply our standard ex-situ CVD conditions to this medium-alloyed steel, we
obtain only very poor growth results, as shown in Figure 4.8: Only amorphous carbon
deposits characterised by wide and merging G and D peaks in Raman are predominantly
found on the surface, with only very minor regions showing signs of graphitisation.
Likewise, also, in-situ CVD in the NAP XPS results in only similarly poor amorphous

carbon or, at best, nanocrystalline graphite growth, as shown in Figure 4.9.
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Figure 4.8: (left) Optical micrograph of medium alloyed high-carbon steel (1.0330)
steel after standard ex situ CVD process at 750 °C. (right) Point localised Raman
spectra corresponding to measurement locations in the optical image show an area of
graphitic, highly ordered carbon, a region of disordered carbon and a region closer to
the graphitic island showing slightly more ordered but defective few-layer graphene.
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Figure 4.9: . (left) Optical micrograph of medium-alloyed, high-carbon steel (1.0330)
steel after standard in situ XPS experimental run at 750 °C. (right) Point localised
Raman spectra corresponding to measurement locations in the optical image showing
an area of pristine metal with minimal surface oxidation, a region of disordered carbon
closely matching the Raman signature of the as received sample and of disordered
carbon with a complex oxide signature that can be related to oxide particles formed on
the surface of the steel substrate.

We identify the initially present and persistent significant surface carbon (separate from
usual adventitious carbon contamination) as the main obstacle for ordered graphene
growth: In situ NAP XPS in Figure 4.10 shows that during H, annealing, in contrast
to the low-carbon steel and pure iron (chapter 3), after the initial decrease in the Cls
carbon signal, a significant amount of carbon remains in the form of graphitised sp2
hybridised carbon (roughly 8-times more than in the case of the low-alloyed, low-carbon

steel shown in Figure 4.4 above).
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Figure 4.10: Carbon Cls XPS spectra of the steel (1.0330) surface before (upper
panel) and after (lower panel) annealing in hydrogen at around 750 °C. The spectrum
in the upper panel is indicative of mixed hydrocarbon contamination. The spectrum in
the lower panel shows the change to almost exclusively sp2 hybridised graphitic carbon
upon hydrogen annealing. The component titled "other" is an interfering Auger signal.

We argue that this persistently present carbon prevents, during CoH, exposure, further
controlled high-quality graphene deposition via passivation of catalytic activity of the
metal surface and/or also via inhibition of lateral expansion of nuclei to larger graphitic
domains."™ This is also experimentally observed whereby no noticeable isothermal
surface growth arises even for prolonged CoH, exposure times. Even after >50 min
CyH, exposure at 750 °C, no increase in the sp2 peak is detected (correlating time-
resolved XPS component fits are shown in Figure 4.11). Instead, we even find that
the Cls sp” signal (284.6 eV) slightly diminishes with time of CoH, exposure while
we observe an emerging and increasing Fe-C component (283.3 eV). This shows that
carbon diffuses between surface and sub-surface/bulk of steel, without nucleating further
graphene. Our XPS data can, however, not resolve whether the carbon is arriving from
the CoH, exposure or liberated from the high-carbon steel’s bulk. In either case, our
data indicates that the initially present carbon inhibits graphene nucleation on the

medium-alloy high-carbon steel.

76



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

In-situ XPS of CVD graphene on steels Chapter 4

signal C,.(~2843¢eV) C., (~2838eV)
background | sp? (~284.6 eV) | sp®(~285.3 eV)
envelope

289 288 287 286 285 284 283 282 281
50 min-

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

80 288 287 286 285 284 283 282 281
Binding energy (eV)

N

Figure 4.11: Time resolved XPS spectra of Cls region during in situ CoH, exposure
at around 750 °C for high-carbon (1.0330) steel. Exposure time is indicated on the
right within each panel. The spectra show a gradual decrease in the main sp2 carbon
signal and a significant increase of the Cp, component at ~283.3 eV after 50 min of
hydrocarbon exposure.

Taking this finding into account, we then implement a novel strategy to facilitate
surface graphene growth nevertheless. To eliminate the persistent Sp2 surface carbon
contamination, we employ a deliberate pre-oxidation step with molecular oxygen gas
(Oq 5x10° mbar) at elevated temperature inside the NAP XPS chamber. Figure 4.12
shows the gradual reduction of the C 1s intensity and the emergence of an intermediate
C-O component, which recedes once most of the carbon has been removed. After the
cleaning, the metal surface is reduced once more via H, annealing (~1 mbar) at a
constant temperature. During this process, the Fe-C component noticeably increases
while the sp2 component signal remains constant, as shown in Figure 4.13. This shows
that carbon is here coming from the bulk of the high-carbon steel (as C,H, is not present
during this step). This underscores that for CVD on steels not only the deliberate
carbon feeding from the gas phase but also from the large carbon reservoir in the steel’s

bulk needs to be kept in mind.
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Figure 4.12: Time resolved in situ XPS of the Cls region during the pre-oxidation
step in O, atmosphere at around 600 °C. Starting from the bottom, there is a clear
reduction in the overall carbon signal and the initial increase in carbon-oxygen bonds.
As the sp3 component and the overall C 1s signal decrease, the intermediate carbon-
oxygen components vanish, and a small sp2 hybridized carbon signal remains. Y-axis
magnification factors in relation to the bottom panel are indicated on the right in every
panel.

The oxidation of the metal surface during the preceding oxygen-cleaning step produces a
carbon-depleted surface oxide layer. The subsequent reduction of this oxide layer leaves
a carbon-depleted metallic iron surface region. This region then absorbs carbon from the
nearby carbon-rich steel by diffusion, resulting in lower than before surface carbon lev-

els and the formation of a carbon-rich metal subsurface layer prior to precursor exposure.
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Figure 4.13: Time resolved in situ XPS of the Cls region during re-reduction step in
H, atmosphere at around 700 °C. Starting from the bottom going up the sp2 component
remains somewhat stable while the Cp, component noticeably increases.

Figure 4.14 follows the surface evolution when we introduce the CoH, to the surface
conditioned via the prior Hy/Oy/H,y process. In stark contrast to the completely passi-
vated Sp2 evolution for the standard conditions above (Figure 4.11), now after the H,
/O4/Hy process we observe an immediate sharp rise in the sp’ C 1s component after
only 20 s of CyHy exposure. The sample is then exposed for a total of 30 min, before

being left to cool down in H, atmosphere (akin as before).
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Figure 4.14: Time resolved in situ XPS of the Cls region during C,H, exposure at
around 750 °C. Exposure time in seconds is marked on the right side in each panel.
Y-axis magnification factors in relation to the top panel is indicated on the left in every
panel. The bottom panel shows the starting condition with two components (Cp, at
~283.2 eV and sp2 at 284.6 eV) after re-reduction in hydrogen. After 20s of exposure,
the overall C 1s signal has already significantly increased, and the sp2 component is
starting to rise. The topmost panels show the steady rise of the sp2 component during
isothermal surface-mediated growth.

Optical microscopy and Raman spectroscopy in Figure 4.15 show the medium-alloyed
surface covered in graphitic carbon/few-layer graphene with areas of varying thickness
but generally good structural quality. This good quality few-layer graphene growth
from our in-situ-guided H,/O,/H, process is a drastic improvement over the amorphous
carbon growth obtained from the “standard” reference conditions in Figures 4.8 and
4.9. This data thereby clearly shows the usefulness of in situ characterisation of the

graphene CVD process to optimise growth recipes.
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Figure 4.15: . (left) Optical micrograph of high-carbon (1.0330) steel after in situ
XPS experimental run at around 750 °C with the pre-oxidation and re-reduction step.
(right) Point localized Raman spectra corresponding to measurement locations in the
optical image. All spectra show similar Raman signatures of highly ordered graphitic
carbon with varying degrees of disorder and thickness.

4.3.3 High-alloy stainless steel (DN 1.4404)

The third archetypical steel investigated in this work is a high-alloy stainless steel with
high Ni and Cr content (detailed steel composition in Table 4.1).

As shown in Figure 4.16 applying our standard ex situ CVD procedure results in
extensive surface oxidation and visible disordered carbon agglomeration along substrate
grain boundaries. Surface oxidation is also visually obvious from the vivid colours in

107,168 helps identify

the optical micrograph in Figure 4.16. Comparison with literature
a mix of chromium oxide (CryOs), iron oxide (Fe;O3) and spinel chromite (FeCr’0,)
in the Raman spectrum. The formation of the oxides is ascribed to the only ~10°
mbar base pressure of the ex-situ CVD system and the high propensity of Cr to form
oxides. The Cr 2p region of ex-situ measured XPS also matches a mix of chromite and
chromium oxide and can be readily fitted following previous work from Biesinger et.

al.169, which is shown in Figure 4.17.
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Figure 4.16: (left) Optical microscopy image of stainless steel surface after CVD
graphene growth attempt. (right) Point localised Raman spectra of points indicated in
optical microscopy image, showing disordered carbon and metal oxide signatures respec-
tively. Metal oxide peaks are marked for identification: (|) chromite, (+) chromium
oxide, (*) mixed peaks.
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Figure 4.17: Ex situ XPS of the Cr 2p region of stainless steel (1.4404) after standard
lab CVD process (Raman and optical analysis shown in Figure 4.16). Component fit of
detail spectrum, considering mulitplet splitting, reveals both chromium oxide (CryO3)
and iron chromite (FeCryOy).

We refrain from fitting the more complex iron- and manganese oxide signatures also
detected and shown in Figure 4.18. The carbon deposit obtained from the ex-situ CVD
conditions is only in the form of patchy nanocrystalline graphite. Such poor growth

on Cr-containing stainless steels was previously attributed to the persistence of the
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Figure 4.18: Ex-situ XPS of the Fe 2p and Mn 2p region of stainless steel (1.4404)
after standard lab CVD process (Raman and optical analysis shown in Figure 4.16).
Peak positions indicate both iron- (709.3 €V) and manganese (641.0 eV) surface oxides.

a Fe 2P —— Fe oxide b Cr Zp = Cr oxide c —— Ni as loaded Ni 2p

Fe metal

Cr metal

— Ni during annealing

Intensity (a.u.)

Intensity (a.u.)
Intensity (a.u.)

730 725 720 715 710 705 700 600 595 530 585 580 575 570 565 880 875 870 B65 860 855 850 845
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 4.19: In-situ XPS of stainless steel surface as-received (grey) and during
hydrogen annealing (red) shows complete reduction of both (a) iron- and (b) chromium
oxides towards pure metal XPS signatures. Additionally, the Ni 2p region (c) shows
the emergence of a metallic nickel signature.

To understand the high propensity for Cr-oxide formation and its impact on the graphene
growth on stainless steel further, we also follow the CVD process in situ by NAP XPS.
Interestingly, Figure 4.19(a,b) shows a full reduction of both chromium- and iron surface
oxides upon low pressure H, annealing at around 750 °C. We note however that the
in-situ NAP XPS system has a much lower base pressure of ~10"° mbar compared to
the ex situ CVD conditions (~10'3 mbar). Additionally, a noticeable increase in Ni XPS
signal indicating a migration of Ni from the stainless steel to the surface can be seen in
Figure 4.19(c). During the following C,H, exposure in Figure 4.20 the characteristic
primary rise of a carbon-metal component (~283.2 4+ 0.1 V) is detected followed by a

rapid increase in surface carbon signal (~284.6 £+ 0.1 €V), demonstrating the isothermal
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Figure 4.20: Time resolved in situ XPS of the Cls region during C,H, exposure at
around 750 °C. Exposure time in seconds is marked on the right side in each panel.
Y-axis magnification factors in relation to the top panel is indicated on the right in every
panel. The bottom panel shows the starting condition with no carbon signal. After 1
min of CyH, exposure the Cp, component (283.2 €V) and a minimal sp2 component
(284.6 eV) emerge. After 30 min of exposure, the overall Cls signal has significantly
increased, and the sp2 component is dominant.

The Cls signal continues to increase significantly (3.5 times increase in Cls signal) also
during cooling of the substrate after CoH, exposure as shown in Figure 4.21, indicating
substantial precipitation of dissolved carbon to the substrate surface. We attribute this

to the fcc structure of the stainless steel, which exhibits a large carbon solubility.
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Figure 4.21: Time resolved in-situ XPS signal showing the increase of the C 1s
component during cooling after CoH, exposure in hydrogen environment, showing
significant carbon precipitation.

Optical microscopy and Raman on this in situ CVD run in Figure 4.22 shows a largely
continuous, thin film of carbon with limited inconsistencies, that visually appear as
slightly brighter regions. The respective point localised Raman spectrum shows a very
sharp D-peak and high-intensity 2D-peak, which matches a nano-crystalline graphite
coating. The intensity ratio (Isp/Ig > 1) and 2D peak fit (single Lorentzian, FWHM
of ~51 cm'l) are evidence of the turbostratic nature of the graphite layers.170 Raman
spectra of the uncoated region show no features, in line with a bare metal substrate.
Thereby the in-situ NAP XPS data has shown that improvements upon the very poor
ex-situ growth results of patchy nanocrystalline graphite in Figure 4.16 can be obtained
by better base pressure conditions. We argue that these better base pressure condi-
tions lead to a full reduction of all metallic surface species, thus facilitating better
homogeneous carbon film growth. Additional work on kinetic conditions to allow more
controlled carbon deposition towards thinner and better crystallised graphene layers

remains however necessary for the highly-alloyed stainless steel substrates.
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Figure 4.22: (left panel) Optical micrograph of stainless steel (1.4404) surface after in
situ XPS CVD process. (right panel) Point localized Raman spectra of corresponding
to measurement locations in (left panel), showing nano-crystalline turbostratic carbon
and bare metal substrate signatures.

4.4 Conclusions

The differences in graphene CVD between three archetypical steel substrates have been
shown via detailed ex-situ growth and in situ NAP XPS experiments. For low-alloyed,
low-carbon (1.0338) steel, large-scale graphene growth was achieved. For medium
alloyed, high-carbon (1.0330) steel, unfavourable surface conditions were improved via
an in situ-guided pre-oxidation step of the substrate surface leading to a previously
unattainable graphitic carbon coating. The high-alloyed stainless steel (1.4404) is highly
sensitive to background oxygen due to its alloying elements, leading to pronounced
surface oxidation of Fe, Cr and Mn under scalable ex-situ CVD conditions. We show
that via better base pressure in our in situ CVD conditions, the native surface ox-
ides, including Cr-oxides are readily reduced, allowing isothermal surface growth of a

nanocrystalline graphite film using our standard approach.

We have identified key challenges for graphene growth on these complex steel substrates,
such as the need for well-defined substrate surface conditions and an oxygen-free,
reductive growth environment for high-alloy steels. This forms a guiding framework for

future work on the optimisation of graphene growth on metallurgical alloys, incl. steels.

4.5 Publication Notice

This chapter is being prepared for publication and is listed as number 4 in the publication

list.

86



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

BIBLIOGRAPHY

o7.

60.

70.

72.

73.

75.

107.

108.

109.

Choi, S. H. et al. Large-scale synthesis of graphene and other 2D materials towards
industrialization. Nature Communications 13. Publisher: Nature Publishing
Group, 1484. 18SN: 2041-1723. doi:10.1038/s41467-022-29182-y (2022).

Weatherup, R. S. et al. On the Mechanisms of Ni-Catalysed Graphene Chemical
Vapour Deposition. ChemPhysChem 13, 2544-2549. 1SSN: 1439-7641. doi:10.
1002/cphc.201101020 (2012).

You, Y. et al. A Controlled Carburization Process to Obtain Graphene-Fe3C-Fe
Composites. Advanced Materials Interfaces 5, 1-7. 1SSN: 21967350. doi:10.1002/
admi . 201800599 (2018).

Vinogradov, N. A. et al. Formation and structure of graphene waves on Fe(110).
Physical Review Letters 109, 1-5. 1SSN: 00319007. doi:10.1103/PhysRevLett.
109.026101 (2012).

An, H.) Lee, W. J. & Jung, J. Graphene synthesis on Fe foil using thermal CVD.
Current Applied Physics 11. Publisher: Elsevier B.V, S81-S85. 1SSN: 15671739.
doi:10.1016/j . cap.2011.03.077 (2011).

Lavin-Lopez, M. P., Fernandez-Diaz, M., Sanchez-Silva, L., Valverde, J. L. &
Romero, A. Improving the growth of monolayer CVD-graphene over polycrys-
talline iron sheets. New Journal of Chemistry 41. Publisher: Royal Society of
Chemistry, 5066-5074. 1SSN: 13699261. doi:10.1039/c7nj00281e (2017).

Tawfik, H., Hung, Y. & Mahajan, D. Metal bipolar plates for PEM fuel cell—A
review. Journal of Power Sources 163, 755-767. I1SSN: 03787753. doi:10.1016/7.
jpowsour.2006.09.088 (2007).

Xu, Z., Qiu, D., Yi, P., Peng, L. & Lai, X. Towards mass applications: A
review on the challenges and developments in metallic bipolar plates for PEMFC.
Progress in Natural Science: Materials International 30, 815-824. 1SSN: 10020071.
doi:10.1016/j.pnsc.2020.10.015 (2020).

Wu, S. et al. A review of modified metal bipolar plates for proton exchange
membrane fuel cells. International Journal of Hydrogen Energy 46, 8672-8701.
ISSN: 0360-3199. do0i:10.1016/j.1ijhydene.2020.12.074 (2021).

87


https://doi.org/10.1038/s41467-022-29182-y
https://doi.org/10.1002/cphc.201101020
https://doi.org/10.1002/cphc.201101020
https://doi.org/10.1002/admi.201800599
https://doi.org/10.1002/admi.201800599
https://doi.org/10.1103/PhysRevLett.109.026101
https://doi.org/10.1103/PhysRevLett.109.026101
https://doi.org/10.1016/j.cap.2011.03.077
https://doi.org/10.1039/c7nj00281e
https://doi.org/10.1016/j.jpowsour.2006.09.088
https://doi.org/10.1016/j.jpowsour.2006.09.088
https://doi.org/10.1016/j.pnsc.2020.10.015
https://doi.org/10.1016/j.ijhydene.2020.12.074

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 4 BIBLIOGRAPHY

110.

137.

159.

163.

164.

165.

166.

167.

168.

169.

170.

John, R., Ashokreddy, A., Vijayan, C. & Pradeep, T. Single-and few-layer
graphene growth on stainless steel substrates by direct thermal chemical va-
por deposition. Nanotechnology 22. 1SSN: 09574484. doi:10.1088/0957-4484/
22/16/165701 (2011).

Romani, E. C. et al. Graphene Grown by Chemical Vapour Deposition on Steel
Substrates: Friction Behaviour. Tribology Letters 65. Publisher: Springer US.
ISSN: 15732711. doi:10.1007/s11249-017-0879-8 (2017).

Weatherup, R. S. et al. Introducing carbon diffusion barriers for uniform, high-
quality graphene growth from solid sources. Nano Letters 13, 4624-4631. 1SSN:
15306984. doi:10.1021/n1401601x (2013).

Bleu, Y. et al. Dynamics of carbon diffusion and segregation through nickel cata-
lyst, investigated by in-situ XPS, during the growth of nitrogen-doped graphene.
Carbon 155, 410-420. 1SSN: 0008-6223. do0i:10.1016/j.carbon.2019.08.084
(2019).

Ghaemi, F.; Abdullah, L. C., Tahir, P. M. & Yunus, R. Synthesis of Different
Layers of Graphene on Stainless Steel Using the CVD Method. Nanoscale Research
Letters 11, 506. 1SSN: 1556-276X. doi:10.1186/s11671-016-1709-x (2016).

Singh, S. et al. Tribological Performance of Steel With Multi-Layer Graphene
Grown by Low-Pressure Chemical Vapor Deposition. Journal of Tribology 142.
ISSN: 0742-4787. doi:10.1115/1.4047458 (2020).

Kidambi, P. R. et al. The parameter space of graphene chemical vapor deposition
on polycrystalline Cu. Journal of Physical Chemistry C' 116, 22492-22501. 1SSN:
19327447. doi:10.1021/jp303597m (2012).

Farrow, R. L., Benner, R. E., Nagelberg, A. S. & Mattern, P. L. Characterization
of surface oxides by Raman spectroscopy. Thin Solid Films 73, 353—-358. ISSN:
0040-6090. doi:10.1016/0040-6090(80)90499-X (1980).

Fan, C., Shi, J., Sharafeev, A., Lemmens, P. & Dilger, K. Optical spectroscopic and
electrochemical characterization of oxide films on a ferritic stainless steel. Materi-

als and Corrosion 71. _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002 /maco.201911425,

440-450. 18SN: 1521-4176. doi:10.1002/maco.201911425 (2020).

Biesinger, M. C. et al. Resolving surface chemical states in XPS analysis of first row
transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni. Applied Surface
Science 257, 2717-2730. 1SSN: 0169-4332. doi:10.1016/j.apsusc.2010.10.051
(2011).

Malard, L. M., Pimenta, M. A., Dresselhaus, G. & Dresselhaus, M. S. Raman
spectroscopy in graphene. Physics Reports 473. Publisher: Elsevier B.V., 51-87.
ISSN: 03701573. doi:10.1016/j.physrep.2009.02.003 (2009).

38


https://doi.org/10.1088/0957-4484/22/16/165701
https://doi.org/10.1088/0957-4484/22/16/165701
https://doi.org/10.1007/s11249-017-0879-8
https://doi.org/10.1021/nl401601x
https://doi.org/10.1016/j.carbon.2019.08.084
https://doi.org/10.1186/s11671-016-1709-x
https://doi.org/10.1115/1.4047458
https://doi.org/10.1021/jp303597m
https://doi.org/10.1016/0040-6090(80)90499-X
https://doi.org/10.1002/maco.201911425
https://doi.org/10.1016/j.apsusc.2010.10.051
https://doi.org/10.1016/j.physrep.2009.02.003

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

CHAPTER 5

CONTROLLABLE FREEZING TRANSPARENCY FOR WATER
ICE ON SCALABLE GRAPHENE FILMS ON COPPER

5.1 Introduction

Environmental ice formation from the freezing of water on materials can critically
impact their operational performance, safety and running cost in many application
fields."™ For instance, ice build-up can result in structural vulnerability in large metallic
structures such as overhead power line cables made from uncoated steel/Cu/Al thread-
ing, degraded energy efficiency in appliances by blocking of metallic heat exchangers in,
e.g., refrigerators, or functional failure in control and lift surfaces in aerospace structures.

Therefore, solutions to control ice nucleation on materials are highly sought after.'™

To date, the control of ice formation is often an active process where materials are either
heated, sprayed with anti-icing chemicals or mechanically de-iced."™ These measures
always come at a cost of energy and time, which is why a great deal of research is
currently focused on creating surface treatments or extraneous coatings with the ability
to passively control ice nucleation.””" In this context, the desired passive control of ice
nucleation, on the one hand, often includes “anti-icing” capabilities, i.e. lowering the
temperature of ice formation on a given surface below its operation conditions. On the
other hand, sometimes however also controlled “icing” at pre-determined, operationally

safe locations can be desired.
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The formation of ice on a material is, however, a highly multifaceted and, as of yet, not
sufficiently understood process. For heterogeneous ice nucleation it is intricately linked
with a material’s surface energies, nano-morphologies and wettabilities."”" Most current
solutions to passive “anti-icing” surfaces include fabrication of nm/pm hierarchically
structured superhydrophobic surfaces incl., e.g., slippery liquid infused porous surfaces
(SLIPS).171 Such surfaces are however hard to produce at scale, prone to damage
by wear and can under certain conditions even detrimentally increase ice nucleation
(e.g., droplet impingement vs. water condensation “frosting”).171 Therefore new materi-
als/surfaces/coatings that can control ice build-up remain highly sought after. Likewise,
insights into the mechanistic processes of water freezing, heterogeneous ice nucleation

and ice growth and how they are linked to given surface properties are still highly desired.

A multi-functional class of novel materials that has been under intense investigation over
the past years are atomically-thin, two-dimensional (2D) materials such as graphene,
a monolayer of Sp2—bonded carbon. In particular, the peculiar liquid water wetting
behaviour on graphene incl. existence of a highly debated “wetting transparency” of
graphene, coated onto metals, has recently been extensively studied and discussed.' ™"
Wetting transparency is defined as the case when the presence of graphene does not
change a surface’s wetting behaviour (mostly measured via contact angle) compared to

172-179 . .
The occurrence of wetting transparency is commonly

the bare underlying support.
attributed to the atomic thinness of monolayer graphene, whereby the surface properties
of the underlying substrate are transmitted through the, in comparison, chemically
inert graphene monolayer. Consequently, the surface properties are still determined by

the substrate, despite the presence of graphene.lmf183

Despite this huge interest in graphene wetting, astonishingly practically no experi-
mental work has been done to date on water freezing and ice nucleation on scalable

184-186

graphene films on metals. This is even more so a curious gap in literature since a

sizeable number of computational studies have used graphene layers as model systems

187192 e lack of experimental work

for computational ice nucleation investigation.
on ice nucleation on graphene films is furthermore surprising, since atmospheric soot
composed of 2D nanocarbons, which are in first approximation nanoscopic graphene
fragments, are well-known nuclei for heterogeneous atmospheric ice formation, with
strong (and often conflictingly observed) dependencies of ice nucleation properties on

the soot’s/nanographene fragments’ defect levels/chemical functionalizations.'”* ">

In turn, from an application perspective, the related question arises if (functionalised)
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graphene on metals could be advantageously utilized to control the heterogeneous ice
nucleation behaviour on metal surfaces? Such use of graphene would have high applica-
tion relevance: Industrially scalable chemical vapour deposition (CVD) of graphene on
a large variety of metals has been developed104 and thus CVD graphene as a potential
ice-control coating platform could be scalably employed on a range of application-wise

important metals.

Despite this, the fundamental water freezing and ice nucleation properties of scalable
graphene films have not been experimentally assessed yet and investigation of the
exciting potentiality of scalable CVD graphene on technologically important metals as

an ice nucleation control coating also remains underexplored.

Only two prior reports investigated changes in ice nucleation from graphene coatings,
albeit both grown under non-scalable ultra-high-vacuum (UHV) conditions and not on a

scalable metal, but on prohibitively expensive Ru/sapphire and Ir /sapphire single-crystal

4155 From the literature on graphene’s wetting transparency it is well known

176,195

models.
that there exists a key substrate-dependence on graphene’s wetting properties.
This suggests that ice nucleation studies conducted on UHV single-crystal models may
have limited applicability when it comes to making predictions about graphene-covered

metal surfaces at a scalable level.

Towards filling these critical gaps in the literature, both in terms of experimental
study of fundamentals of water ice nucleation on graphene as well as assessing scalable
(functionalized) graphene as a potentially ice-control coating, we investigate the water
freezing behaviour on scalably grown CVD graphene on application-relevant polycrys-
talline Cu. The employed Cu supports are hereby not only the most widely used support
to produce CVD grapheneﬁl’104 but Cu is also a highly important metal with respect
to desired ice control due to Cu’s widespread use in, for example, overland power line

threads or appliance heat exchangers.

We show in this work that non-treated, as-grown CVD graphene on Cu can be (as
we term it) “freezing transparent” i.e. the graphene’s presence does not change the
freezing temperature curves of water to ice on Cu in our measurements. Such “freezing
transparency” has to date not been reported, and thus also not been considered in the
many computational studies that used graphene as a model system for ice nucleation
surfaces. Furthermore, we investigate how functionalisations to the CVD graphene

(incl. oxygen-containing, -F and -polymethylmethacrylat (-PMMA) funcionalisations
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via plasma and liquid phase treatments) can result in controllable changes of water
freezing curves to lower /higher temperatures and how the freezing transparency can be
lifted. We also explore extrinsic factors necessary for the observation of this freezing
transparency, such as the storage time of our samples in ambient conditions and linked
adventitious hydrocarbon adsorption levels. This work thereby not only introduces the
concept of freezing transparency of graphene on a metal based on first experimental
observation, but also introduces scalable CVD graphene as an ultimately thin platform

towards control of ice nucleation on a technologically relevant metal.

5.2 Methods

5.2.1 Graphene CVD

We employed 25 pm thick Cu foils (Alfa Aesar Puratonic® 99.999 %) as catalysts for
graphene CVD in a custom-made hot wall tube furnace at reduced pressure (base
pressure 10-3 mbar), based on a prior reported CVD recipe.M7 The Cu foils were
first pre-treated at 960 °C in 2000 scem flow of Ar with 5% H, resulting in ~14 mbar
pressure in order to facilitate Cu crystal domain growth and reduction of Cu-oxides
from foil storage in ambient air. For graphene growth 50 sccm CH, were added for 7
min, increasing the total pressure to ~15 mbar. After growth, the Cu foils were left
to cool in AR/H, atmosphere by sliding the tube furnace’s hot zone from the samples.
This recipe results in a closed film of high-quality graphene on Cu Graphene-free
reference Cu samples with the same Cu grain structure were prepared using the same

processing with the exception of the CH, exposure step.

5.2.2 Functionalisation treatments

Air plasma. Samples were air plasma treated in a commercial plasma chamber (Atto
from Diener Electronic GmbH & Co KG, Germany). A plasma (at 50 % power level of
40 kHz 0-200 W; 13.56 MHz 0-300 W) was struck in ~0.5 mbar air with exposure of

the samples to the air plasma for 2 s.

SFg plasma. For SFgplasma treatment a PlasmaPro 100 Cobra (OXFORD Instru-
ments) system was used with a pressure of ~0.05 mbar, a SFg gas flux of 40 sccm and a
bias of 21 V with RF = 18 W.
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PMMA. PMMA functionalisation of graphene/Cu and annealed Cu samples was done
by drop casting PMMA photoresist (200K, AR-P 642.04, Allresist GmbH, Germany)
onto the foil samples and curing the PMMA on a hotplate at 100°C in air. Samples
were subsequently put into acetone for 2 h and rinsed with DI water and isopropanol to
remove the PMMA film, which is however known to be an imperfect process, resulting
in persistent decoration of the graphene with PMMA micro- and naunoparticles.zo3

Samples were stored in ambient air.

5.2.3 Materials Characterisation

19201 O ptical microscopy and

Optical Microscopy and Raman Spectroscopy.
Raman spectroscopy were conducted using a WITec alpha 300 RSA+ system with laser
wavelength 488 nm, laser power 10 mW and spot size ~2 pm and in a NT MDT Ntegra

Spectra system with laser wavelength of 473 nm.

XPS. X-ray photoelectron spectroscopy (XPS) measurements were performed with
a Specs XR509 high-intensity non-monochromatic Al/Mg dual anode and an X-ray
source Phoibos 100 energy analyzer (EA) with a multichannel plate. The spectra were
obtained at room temperature, an emission angle of 0°, a pass energy of 20 eV and using
an Al anode with K, radiation at 1486.6 eV. Data analysis was performed via CasaXPS.
Calibration of the spectra was deemed unnecessary, as due to the high conductivity of
the copper foils minimal sample charging was anticipated. All spectra were analyzed
with an energy step width of 0.1 €V, though only every third data point is shown in the

figures for improved clarity.

5.2.4 Ice nucleation measurements

Samples were measures ~24 h after the last process step unless otherwise stated. Sam-
ples were sprayed with MiliQ) (18.2 MQ-cm) water by hand, using a spray bottle and
fine nozzle creating a mist of fine droplets. This results in reproducible droplet sizes and
densities on the samples overall (example in first frame in Figure 5.1b). Ice nucleation
measurements " on these various samples were performed in an optical cryo-microscopy

,206 consisting of a cryo-cell containing a Peltier element

setup (schematic in Figure 5.1a)
(Quick-cool QC-31-1.4-3.7M) that can cool down to —40°C through thermoelectric cool-
ing and is temperature controlled via feedback from a K-type thermocouple mounted
directly on the sample stage. The cryo-cell has a glass window and is mounted directly
on an optical light microscope stage so that the freezing of individual water droplets

can be observed as a function of temperature in the optical microscope. The freezing
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stage is housed inside an air-tight cell at atmospheric pressure, which was purged
with dry Ny gas before ice nucleation measurements. This results in a low humidity
atmosphere inside the chamber and thus suppresses secondary water droplet formation
from condensation during cooling runs.””®. The Cu foil backside was contacted to the
stage with a small amount of paraffin oil to ensure optimal thermal contact between

the Peltier stage and Cu samples.

During the freezing experiments, the Peltier element is cooled at a steady rate of 10
K/min. Concurrently, optical microscope images of the water droplets are recorded at
a rate of 20 images/s during cooling incl. a temperature stamp in each recorded image.
The freezing of an individual droplet can readily be detected in the optical microscope
image sequences by a change in optical appearance whereby the water droplet changes
contrast upon freezing (Figure 5.1b). The freezing event of a given water droplet is
therefore here assigned to this change in optical appearance of a given water droplet, in

184207 We note that freezing of small water droplets is a fast

line with prior literature.
process occurring over a timescale of fractions of a second.”” Since our cooling rate
of 10 K/min is on a much slower timescale, we can assign the temperature at which
this freezing event is observed as the freezing temperature of this given water droplet.
An exemplary freezing series, incl. temperature stamps, is shown in Figure 5.1b. As
the contrast change upon freezing can be quite subtle, a freezing event can be further

accentuated by employing image difference calculations (Figure 5.1c¢).

5 5

Figure 5.1: (a) Schematic illustration of cryo-microscopy setup (1: microscope
objective, 2: Peltier cooling element, 3: copper foil sample, 4: in-/outlet for N, purging,
5: in-/outlet water-cooling). (b) Optical micrograph series, incl. temperature-stamps,
depicting sample region before (upper frame) and after multiple exemplary freezing
events of the marked (blue circles) water droplets. (c) Image difference calculations
based on the data presented in (b) accentuating the freezing event of the marked water
droplets for easier detection.
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5.2.5 Freezing Data Processing

Freezing experiments were recorded as video (20 fps) with temperature- and time
stamps and separate temperature log files. Temperature was recorded in ~0.15 K steps,
which is, therefore, the limit for temperature resolution in our measurements. The
video was then analysed, either manually with the help of image processing software
(ImageJ/ FijiZOS’QOQ) by converting the video to an image stack and running an image
difference operation (“stack difference”) before going through the stack frame by frame
to extract individual freezing events, or with the help of an automated Python script.
The algorithm, in the first step, extracts the drop location and size (diameter) from the
first frame of the video. As the drops appear much darker than the copper background,
only simple image processing is needed to extract this information. First, the image is
converted to greyscale, blurred slightly to remove any contrast from the texture of the
copper sheet and a threshold is applied to convert the image to a binary black-white
image. In this state, only the drops should appear as black blobs while the copper sheet
should be mostly white. To further isolate the drops, a morphological erosion operation
is performed and the connected black regions that are large enough (in the number
of pixels) are retained and assigned a label. From this the diameter and position is

computed, assuming spherical drops and a region of interest (ROI) is drawn for each drop.

At this point, the user gets to check if the drop assignment was done correctly before
the freezing event detection resumes. To detect freezing events the algorithm analyses
the change in brightness between 2 subsequent frames. If inside one ROI, which was
computed as previously described, a large enough absolute change in brightness occurs,
this is detected as a freezing event. Together with the temperature log file, the freezing
temperature for individual freezing events is recorded. The output is then manually
checked for irregular or double detection of freezing events as contrast change upon
freezing may happen over a time span of more than one frame. This raw data in form
of droplet freezing events was then converted to freezing fraction curves (0% to 100 %)
and interpolated between 0.1 K temperature steps with the condition that the freezing
fraction is considered constant between freezing events. This results in freezing fraction
curves that show a stepwise increase in the fraction of frozen droplets with decreasing

temperature.
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Figure 5.2: Visual depiction of our method of freezing curve average calculation
exemplary for the dataset for graphene/Cu SFy plasma treated samples. For all
four freezing curves (thin, faint curves), we average the frozen fraction value for each
temperature value, resulting in our freezing curve average (thick, black curve). Individual
freezing curves are calculated by interpolating between single droplet freezing events
with a temperature step of 0.1 K. The freezing fraction is considered constant between
freezing events in order to more accurately depict the actual measured datapoints, which
leads to the stepwise increase of the freezing fraction with decreasing temperature.

These freezing fraction curves of different experimental runs are then averaged to give
the displayed average freezing curves. A visualization of this process is shown in Figure
5.2. It should be noted that not all average freezing curves contain the same number of
experimental runs and freezing events and, therefore, vary in their statistical significance,
which is reflected in the difference in standard deviation (error bands). Tg, Tos Tso
and Ty5 represent the temperature at which 10 %, 25 %, 50 % and 75 % of the droplets
are frozen, respectively. The temperature values are extracted for each experimental
run and then averaged to obtain the values in Tables 5.1 and 5.2. The error values

represent the standard deviation from the mean value.

5.3 Results

For our ice nucleation measurements, we prepared a homogeneously covering, high-
quality polycrystalline monolayer graphene film on Cu foils (25 pm thickness) by CVD
(graphene/Cu)."*" For comparison we also produced bare reference Cu foil samples (Cu)
with the same Cu microstructure by annealing under the same conditions as used in
CVD but without the hydrocarbon exposure/graphene growth step. This similarity

in Cu microstructure between CVD graphene/Cu and bare reference Cu samples is
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essential to allow us to attribute changes in ice nucleation temperatures solely to the
presence of the CVD graphene (i.e. differences arising from Cu microstructure are
thereby excluded). Microscopic and spectroscopic characterisation of the graphene/Cu

and bare Cu samples is shown in Figure 5.3.
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Cu annealed
3
&
el :
Cu annealed | =

L] L] L] L] L]
500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 5.3: (a) Optical microscopy and (b) Raman spectroscopic characterisation
of as deposited graphene/Cu (top) and annealed bare Cu (bottom) samples. The
Raman spectrum in (b) clearly confirms that our CVD graphene films on Cu are almost
exclusively monolayer and of high quality.147’149 Additional transfer experiments of the
monolayer graphene films from the Cu to SiO45(90 nm)/Si wafers (not shown) allow us to
confirm via optical 1nicroscopy150 that the coverage of the Cu samples with monolayered
graphene is >99 % areal coverage. Raman also confirms the bare annealed Cu sample to
be void of significant carbon deposits (beyond adventitious hydrocarbon adsorbates).149

Additionally, we investigated the effect of several functionalization treatments to the
graphene/Cu stacks (and the bare Cu references). Firstly, the exposure of CVD graphene
to an air plasma (2 s), resulting in physical damage to the graphene and covalent bond-
ing of oxygen-containing groups to the graphene defects from subsequent air exposure
(Figure 5.4). Secondly, the exposure to an SFg plasma (2 s), resulting in damage of the
graphene and covalent formation of fluorographene (also known as “2D Teflon”, Figure
5.14).32 Thirdly, the functionalization of the graphene with polymeric PMMA particles
via deposition and subsequent removal of a drop cast PMMA layer on the samples,
which is known to result in persistent PMMA nanoparticle contamination of CVD
graphene (Figure 5.5).*" Samples were stored in ambient air after fabrication. The
state of samples was investigated by optical microscopy, Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) in parallel to ice nucleation measurements. Unless

otherwise stated, ice nucleation measurements were always performed after ~24 h after
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the last fabrication step in order to ensure a comparable level of inevitable adventitious
hydrocarbon contamination adsorption from ambient air storage accumulated on the
sarrlples.175’176 This is key, as prior work on wetting transparency of water on graphene
has shown that different adventitious carbon contamination levels can significantly
alter graphene’s wetting behaviour, making comparison for non-ambient-exposure-time

172-176,178,179 . .
For selected samples in our study also the time

controlled samples difficult.
evolution of freezing behaviour as a function of storage time in ambient (2 h to 1 month)
and corresponding hydrocarbon contamination was assessed in order to disentangle the
effect of the inevitable hydrocarbon adsorption. Further details on sample preparation

and characterisation can be found in the methods section 5.2.
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Figure 5.4: Raman spectra of graphene/Cu samples after 2 s air plasma, confirming

plasma induced damage to the graphene via appearance of a pronounced defect-related

D peak (~135Ocm'1).149 These defects are known to be readily decorated with oxygen-

containing groups during the air plasma and when exposed to ambient air.”!?

The detailed experimental procedure is explained in the methods section 5.2. The
recorded optical microscope image sequences were analysed manually and with the help
of a custom-programmed image analysis algorithm (see Methods section 5.2), measuring
freezing temperatures (and diameters) for multiple (10 to >40) water droplets per indi-
vidual sample from such freezing optical microscopy video series. Multiple individual
samples were measured per every sample fabrication run. This data is then presented as
freezing curves for each sample condition (e.g., Figure 5.6), showing the fraction (in %) of
frozen water droplets (frozen droplets fraction) versus temperature. The here presented
freezing curves all consist of data from repeated runs and plot interpolated, averaged

curves (detailed explanation on data treatment in Methods section 5.2). We emphasize
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Figure 5.5: (a) Optical micrographs of graphene/Cu (top) samples decorated with
PMMA functionalization via deposition and subsequent removal of a drop cast PMMA
1ayer.203 Large persistent PMMA deposits are visible on the surface in addition to the
well-known nanoscopic residual PMMA nanoparticles from this treatment.”” Reference
bare Cu (bottom) shows a similar amount of macroscopic PMMA residue after PMMA
drop cast and removal. (b) Raman spectrum of graphene/Cu (top) sample decorated
with PMMA, confirming the presence of PMMA functionalization on the CVD graphene
and reference Raman spectrum of PMMA film*" (bottom). PMMA peaks visible in
graphene/Cu Raman spectrum are marked with ‘“*’. We note that the PMMA signal
overlaps in the region of the D peak of graphene (~1350cm'1), therefore complicating
interpretation. It is however well known that graphene does not structurally degrade
from such PMMA functionalization.'*’

that to date no experimental work has studied such ensemble freezing curves for water

L1 Fstimated uncertainties based on the standard deviation of

on graphene films.
the freezing curves and extracted values are presented. For applications, the onset
temperature of freezing for a macroscopic water deposit is often important. To extract
a simple comparative estimate for such onset of freezing for a given droplet ensemble on
a macroscopic sample, we extracted a Ty value at which 10% of water droplets have
frozen for a given sample, from our freezing curves. Likewise, we also extract Tqys, T5g
and Ty5 values at which 25%, 50% and 75% of droplets have frozen, respectively. We
tabulate these temperature values for the various studied sample conditions in Table
5.1 and 5.2. Further details on the freezing experiments and their analysis procedure

can be found in the methods section 5.2.
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5.3.1 Freezing on as-grown graphene/Cu

Figure 5.6 compares freezing curves of the CVD graphene/Cu stack (solid black line)
compared to the bare Cu reference (dashed black line). The freezing curve data shown in
Figure 5.6 shows averaged freezing fraction curves of >20 separate runs for each sample
type with 10 to 30 droplet freezing events in each run and also includes uncertainty
bands (shaded bands, calculated from standard deviations). What is strikingly apparent
from Figure 5.6 is that no significant difference in the freezing behaviour between
CVD graphene/Cu stacks (solid black line) and bare Cu references (dashed black line)
is observed. For both sample types, little freezing is observed before reaching —25
°C, with then a small increase in frozen droplets between —25 °C to —30 °C and then
rapid freezing starting at around —30 °C and ending with all droplets frozen around
—34 °C. For comparison, homogeneous ice nucleation temperature of water in the ab-

sence of a heterogeneous surface to nucleate is commonly reported at -36 °C to 38 °C.7"?

The data shows that under our measurement conditions, both graphene/Cu and Cu
allow significant undercooling of water droplets below 0 °C before heterogeneous ice
nucleation occurs. Importantly, comparing graphene/Cu and Cu, we neither observe
differences in the onset temperatures of freezing, nor significant differences in the
further freezing fraction evolution upon further cooling. This suggests that non-treated,
as-grown CVD graphene on Cu is (as we term it) “freezing transparent” compared to
bare Cu references at our measurement conditions. We here introduce the term “freezing
transparency” in analogy to the prior studied “wetting transparency” of gmphenel?%179

and define it as the case when the presence of the graphene on a given support does

not change the freezing temperature evolution of water compared to on the bare support.

The freezing transparency behaviour of the graphene on Cu in our measurements is
also reflected in the calculated Ty, Tys, Ty and Ty5 values in Table 5.1 and which are
identical within our error margin for Cu/graphene and the bare Cu reference. We note
that we do not evidence a distinct difference in water droplet sizes for graphene/Cu
stacks and bare Cu, as both show largely similar droplet size distributions (Figure 5.7).
Within the respective size distributions, we find a weak trend of larger droplets freezing
at higher temperatures similarly for both samples (Figure 5.8), which is well in line
with general heterogeneous ice nucleation theory, where a larger contact area from a

larger water droplet is related to a larger propensity for ice nucleation.”"
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Figure 5.6: Freezing curves of non-treated, as-grown CVD graphene/Cu stacks (solid
black) and bare Cu references (dashed black). Curves are averages of >20 separate runs
for each sample type with 10 to 30 droplet freezing events in each run from multiple
sample preparations. Shaded areas represent standard deviation bands to the freezing
curves.

To date, such freezing transparency of graphene to water ice, as observed here, has not
been reported in the literature. Therefore, we first discuss our here reported observation
of freezing transparency in light of the existing and related literature on the wetting

transparency of graphene for liquid water 1727179

Wetting transparency of graphene is defined as water having the same wetting be-
haviour (defined typically by contact angle) to a given substrate even if a monolayer
of graphene is sandwiched between the water and the given substrate (i.e. analogous

172-1

: " : 79 .
to our above introduced definition of freezing transparency). Across a series of

reports, graphene has been reported to be fully wetting transparent, partially wetting

727179 Bull wetting transparency is said

transparent or not wetting transparent at all.
to occur when the contact angle of the graphene/substrate stack is the same as of
the bare substrate, partial wetting transparency when the measured contact angle is

between freestanding graphene’s and bare substrate’s respective contact angles and no
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Figure 5.7: Histograms of water droplet diameters for graphene/Cu (left panel) and
bare annealed Cu (right panel).
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Figure 5.8: Dependence of freezing temperature on droplet diameter for as-deposited
graphene/Cu (right panel) and bare annealed Cu (left panel). Linear fit and slope (k)
as a guide for the eye.

wetting transparency when the measured contact angle is the same as on freestanding
graphene irrespective of its substrate. The disparities in the literature regarding the
presence, partial, or absence of wetting transparency have emerged to be related to
several factors contributing to the wettability of graphene, incl. not only graphene’s

172-179 )
In terms of environmental

intrinsic wettability but also environmental factors.
factors in particular adsorbed adventitious carbon contamination build-up and the type
of substrate underneath the graphene have been identified to play key roles in graphene’s
wetting tmnspaurancy.1727179 An emerging consensus in the literature is that graphene
can be at least partially wetting transparent when: i. the graphene is monolayered,
ii. the graphene’s interaction with its substrates is weak (i.e. the substrate does not
strongly alter the graphene’s electronic structure) and iii. the graphene has only low

levels of adventitious carbon adsorbate build-up on top.'™> "

Cu, as used in our study as substrate, is such a weakly interacting substrate for
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graphene.m’176 Consequently, for fresh, monolayered CVD graphene on Cu (partial)
wetting transparency has been experimentally observed.” '™ In contrast for strongly
interacting Ni no wetting transparency of monolayered CVD graphene was observed.'™
Notably however, the observed wetting behaviour of graphene/Cu showed a significant
time dependence for samples stored under ambient conditions, with over time chang-
ing presence or absence of (partial) wetting transparency over timeframes from h to
years.175’176 This has been shown to be related to adventitious carbon contamination
from ambient building up on all samples over time, which with long enough storage
time in ambient leads to the adventitious carbon contamination’s wetting properties

completely overshadowing the sample’s wetting properties.175’176

To ensure a constant level of adventitious carbon contamination in our sample series,175’176
all above-presented measurements have therefore been acquired ~24 h after sample
fabrication. To further explore the evolution of the freezing behaviour on our samples
as a function of longer storage time, we present in Figure 5.9 freezing curves for storage
in ambient until 1 month. We find that after 1 week, freezing curves on Cu are similar
to the ~24 h measurements, while for graphene/Cu, after 1 week, a shift of the freezing
curve to a slightly higher temperature is observed. This suggests that the freezing
transparency has been lifted by the longer ambient air storage. After 1 month of
storage, the onset temperatures of freezing for Cu and the entire freezing curves for
graphene/Cu have shifted to higher temperatures. Importantly, also after 1 month, the
curves for graphene/Cu and Cu do not overlap any more, i.e. freezing transparency has
disappeared (Figure 5.9). We suggest that this upshift of freezing temperatures and
disappearance of freezing transparency is related to the substantial adventitious carbon

Ba176 Importantly, the 1 month

contamination build-up from extended ambient storage.17
data in Figure 5.9 thereby also shows that the freezing transparency at shorter storage
times is not only a result of adventitious carbon contamination since such contamination
would be most dominating for the 1 month sample, where freezing transparency was

however lifted.

On the other hand, in Figure 5.10, we probe the freezing behaviour of our graphene/Cu
and Cu samples after shorter storage times of only ~2 h in ambient. Based on prior

75176 e know that for these samples the adventitious carbon contamination

literature,
levels will be as low as technically possible for our measurement facilities (given how
fast we can reliably bring samples from fabrication to ice nucleation measurements).
We find that for such samples the onset temperature for freezing and entire freezing

curves are significantly shifted to higher temperatures. Also, the freezing curves for
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graphene/Cu and Cu do not overlap perfectly any more for the ~2 h stored samples, indi-

cating an at least partial absence of the freezing transparency of the ~2 h stored samples.
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Figure 5.9: Freezing curves on (a) graphene/Cu as-deposited and (b) Cu annealed
as a function of storage time in ambient conditions from ~24 h to 1 month (24 h data
replotted from Figure 5.6). Panels (c¢) and (d) show respective plots of (a) and (b) with
error bands representing their standard deviation.

Combined, Figure 5.9 and 5.10 therefore indicate that the freezing transparency for
graphene/Cu and graphene is only observed for intermediate storage time in ambient
(~24 h). We suggest that this is linked to the medium adventitious carbon contamination
levels after ~24 h in ambient. We emphasize, however, that for massive adventitious
carbon build-up (after 1 month), the freezing transparency vanishes, which in turn

suggests that the observed freezing transparency is not just an effect of freezing on
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substrate-independent adventitious carbon. In fact, combining Figure 5.6, Figures 5.9
and 5.10 suggests that in order to establish the here observed freezing transparency
not only the graphene in the graphene/Cu vs. Cu systems is necessary but also a
mediating level of adventitious carbon on the graphene. This conclusion is reminiscent

—179

of the findings in the prior wetting transparency literature,172 suggesting that similar

underlying mechanisms are at play in the case of freezing on graphene films.
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Figure 5.10: . Freezing curves on (a) graphene/Cu as-deposited and (b) Cu annealed
as a function of storage time in ambient from ~2 h to ~24 h (24 h data replotted from
Figure 5.6). Panels (c¢) and (d) show respective plots of (a) and (b) with error bands
representing their standard deviation.
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5.3.2 Freezing on functionalized graphene/Cu

So far, we have investigated the freezing properties of as-grown graphene on Cu, which
displays the here reported freezing transparency and elucidated its time dependence
on inevitable adventitious carbon contamination. In order to test if the graphene’s
freezing behaviour on a metal can also be controlled in a deliberate fashion beyond
storage time, Figure 5.11 compares droplet freezing curves for graphene/Cu stacks and
bare Cu references that additionally underwent deliberate functionalization treatments
before the ice nucleation measurements. For comparison, the non-treated, as-grown
graphene/Cu and bare Cu freezing curves from Figure 5.6 are re-plotted as solid and
dashed black lines, respectively. All measurements in Figure 5.11 are taken after ~24 h
storage in ambient conditions after the last fabrication/treatment step to ensure a fair

comparison to the data in Figure 5.6.

The first treatment we investigate is covalent functionalization of the CVD graphene
with oxygen-containing groups by air plasma treatment (2 s) (Figure 5.11a, red solid
and dashed curves). As shown via Raman spectroscopy in Figure 5.4, such air plasma
treatment incl. subsequent ambient air exposure results in severe damage to the graphene
lattice and thus covalent defect functionalization of the graphene with oxygen-containing
functional groups.210 A similar state of samples has previously also been labelled as
“graphene oxide™like."® Such treatment is motivated by prior observation of freezing

behaviour changes in atmospheric soot by different oxygen-containing groups.lg?’*202
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Figure 5.11: (a) Freezing curves for air plasma treated samples (x-axis scale ~18 °C to
-36°C). (b) Freezing fraction curves for SF6 plasma treated samples (x-axis scale —5°C
to =36 °C). (c) Freezing curves for PMMA treated samples (x-axis scale —18 °C to —36 °C).
Graphene/Cu samples are represented by solid lines and Cu samples by dashed lines,
respectively. All diagrams include freezing curves of untreated, as-grown graphene/Cu
(black solid) and Cu (black dashed), replotted from Figure 5.6. All curves are averages
of several experimental freezing runs; a version of this figure with uncertainty bands
included is shown in Appendix Figure A.5.
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Notably, we find in Figure 5.11 and Table 5.1 that such air plasma-treated graphene/Cu

(red solid curve) does show freezing at slightly lower temperatures (by around —1

°C) compared to non-treated, as-grown graphene/Cu (solid black) for the same am-

bient air storage time. Importantly also, between air-plasma-treated graphene/Cu
and air-plasma-treated Cu little difference is observed, i.e. both Cu/graphene and Cu
are similarly shifted to slightly lower freezing temperatures. We note that measured
water droplet size distributions are not significantly different for air-plasma-treated
Cu/graphene and air-plasma-treated Cu (Figure 5.12 and 5.13) compared to their non-
plasma-treated counterparts (Figure 5.7 and 5.8). This suggests that it is not a different
water droplet size distribution that is indirectly responsible for the slightly lower freezing
temperatures, but rather suggests that the introduced oxygen-containing groups on
the air-plasma-treated surfaces chemically mediate the freezing behaviour to slightly
lower temperatures. The oxygen plasma experiments show that the functionalisation of
graphene (here with oxygen-containing groups) can downshift the freezing temperature

curve on graphene to slightly lower temperatures.

graphene/Cu plasma Cu plasma
10 10
£ =
3 s 3 s
o v
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Diameter [mm] Diameter [mm]

Figure 5.12: Histograms of water droplet diameters for air-plasma-treated
graphene/Cu (left panel) and air-plasma-treated Cu (right panel)

The second treatment we investigate is covalent functionalization of the graphene by F
i.e. formation of highly hydrophobic fluorographene or “2D Teflon”.** This is motivated
by hydrophobicity often being linked to lower freezing tempera’cures.171 We fabricate
this material by exposure of graphene/Cu and bare Cu references to a SFg plasma (2
s and 10 s). Figure 5.14 confirms that this results in strong damage to the graphene
lattice and covalent functionalization of the graphene with F towards fluorographene
for the 2 s SFg plasma. The Raman spectrum of graphene/Cu sample after 2 s SFg
plasma treatment in Figure 5.14a confirms plasma-induced damage to the graphene via
appearance of a pronounced defect-related D peak (~13500m'1) and suppression of 2D
peak (~2700cm'1)149 in line with partial formation of ﬂuorographene.32 In Figure 5.14
panels (b) and (c), for all samples the Cu 2p region consists of a doublet at around 932.4
eV and 952.2 ¢V matching with either Cu0 or Cu . Indeed, the Cu LMM region (not
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Figure 5.13: Dependence of freezing temperature on droplet diameter for air plasma
treated graphene/Cu (left panel) and air plasma treated annealed Cu (right panel).
Linear fit and slope (k) as guide for the eye.

shown) contains two peak maxima at a kinetic energy of 916.5 eV and 918.3 eV pointing

21215 While all non-SFg -plasma-treated samples are

to the presence of both Cu species.
void of any F signal, the SFg -plasma-treatment leads to formation of an organic fluoride
species ~688.5 eV (likely C-F) in the F 1s region.”>?'

this is related to graphene reacting with F towards flourographene. For the Cu samples,

For the graphene/Cu samples

adventitious hydrocarbon deposits react with the F. Moreover, SFg -plasma treatment
results in the formation of CuFsy, as evident from both the presence of a metal fluoride
species ~684.5 €V in the F1s region and by the Cu”" doublet and satellite feature.?' '
That said, the graphene layer appears to present a barrier against the fluorination of
copper as the amount of CuF, present in graphene/Cu SFg 10s is significantly lower
than that of Cu SFg¢ 10 s. In summary, the XPS data is consistent with the Raman
data in showing incorporation of F into the graphene layer for SFg¢ plasma 2 s towards

formation of ﬂourographene.32

The corresponding freezing curves in Figure 5.11b of the 2 s SFg-plasma-treated sample
shows for graphene/Cu (solid light blue curve) a surprisingly similar freezing behaviour
as on non-treated, as-grown graphene/Cu (solid black curve). This result, in turn, shows
that even with a covalent functionalization, the freezing behaviour of graphene does not
necessarily change. This is quite noteworthy, as in contrast the 2 s SFg-plasma-treated
Cu reference (dashed light blue curve in Figure 5.11b) shows a drastically different
freezing behaviour with a very much higher freezing temperature interval already be-
tween —10 °C to —15 °C. Similarly, the 10 s SFg-plasma-treated graphene/Cu (solid
dark blue) and the 10 s SFg -plasma-treated Cu (dashed dark blue) samples show
drastically upshifted freezing behaviour. Based on XPS in Figure 5.14, we attribute
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this high-temperature onset of freezing on SFg-plasma-treated Cu (2 s and 10 s) and
on SFg-plasma-treated graphene/Cu (10 s) to the formation of CuF,. Notably, CuF,
formation also results in a drastic change in water droplet sizes, shown in Figure 5.15.
The presence of comparatively still intact graphene during SFg plasma (2 s) prevents
the formation of CuF,, while for longer SFg plasma (10 s) treatments, the graphene has
been strongly destroyed, making room for CuF, formation. The SFg¢-plasma experiments
show that functionalization of graphene (here for F, 2 s plasma) can also leave the

freezing temperature curve unaffected compared to untreated graphene.
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Figure 5.14: (a) Raman spectrum of graphene/Cu sample after 2 s SFg plasma
treatment, confirming plasma induced damage to the graphene via appearance of a pro-
nounced defect-related D peak (~1350 cm'l) and suppression of 2D peak (~2700 cm'l).149
(b) Cu 2p and (c) F 1s X-ray photoelectron spectra of graphene/Cu (“Gr/Cu”) and bare
annealed Cu samples after 10 s plasma (top) and 2 s plasma (middle) compared to as
deposited graphene/Cu and bare Cu samples (bottom). See main text for XPS and
Raman data interpretation.

The third treatment that we apply to the graphene is wet chemical, non-covalent func-
tionalization with PMMA particles that are persistently anchored onto the grauphene.m3
We achieved this by drop-casting and hot plate-hardening of PMMA in anisole on
the graphene/Cu and bare Cu reference samples, followed by subsequent removal of
hardened PMMA in acetone/isopropanol. This is well known from prior work to lead
to persistent contamination of the CVD graphene with PMMA microparticles and
nanoparticles, while the graphene lattice remains structurally perfectly intact (see
also our characterisation data in Figure 5.5).203 In the corresponding freezing data in

Figure 5.11c¢ we find that for such PMMA-functionalized graphene/Cu (solid green
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Figure 5.15: (a) Histograms of water droplet diameters for SFg -plasma treated (2s
top panels and 10 s bottom panels) graphene/Cu (left panels) and bare annealed Cu
(right panels). Showing very few and large diameter droplets for bare Cu SFg -plasma
treated samples.

curve) this translates to a significant fraction of the water droplets already nucleating
at between —25°C and —30,°C, which is at a significantly higher temperature than
for untreated, as-grown graphene/Cu (solid black curve). This is also reflected by
the higher Ty, temperature for PMMA-treated graphene/Cu compared to as-grown
graphene/Cu (Table 5.1). We attribute this to the persistent PMMA particles acting
as preferential nucleation sites for ice nucleation, as compared to the comparatively
atomically smooth, chemically inert basal plane of non-treated, as-grown CVD graphene.
This is also reaffirmed by the freezing data on PMMA-treated bare Cu (dashed green
curve) which also shows a higher temperature onset of freezing (albeit less pronounced
than for the PMMA-treated graphene/Cu). The PMMA experiments thus show that
functionalization of graphene (here with PMMA particles) can also lead to a higher

onset temperature of freezing compared to untreated graphene.

Combined, the results in Figure 5.11 indicate that the here first observed freezing
behaviour of water on graphene on a metal surface (Figure 5.6) can be modified by
functionalization treatments. While for the addition of oxygen-containing groups, we
observe a slight down-shift of freezing temperatures (air plasma in Figure 5.11a), for
the addition of polymeric residues, we observe an up-shift of freezing temperatures
(PMMA in Figure 5.11c). The former down-shift is suggested to be related to a change
of chemical interaction of water with the introduced oxygen-containing groups, while

the latter up-shift is suggested to be related to polymeric particles acting preferential
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nucleation centres for ice nucleation. Interestingly, for functionalisation with F, the
freezing behaviour on graphene is not affected, while on the Cu substrate, it is strongly
changed (SFg plasma in Figure 5.11b). The observation that introduction of oxygen-
containing groups (Figure 5.11a) can decrease freezing temperatures is in line with
a prior papelr185 that reported a lower freezing temperature for oxidized graphene vs.
pristine graphene on UHV Ir single crystals (note that possible freezing transparency

'%9) The results in Figure

between graphene/Ir vs. Ir was not studied in this ref.
5.11c on the effect of deliberate PMMA contamination to alter freezing behaviour via
increased ice nucleation, links well with prior work on PMMA residues (and similar
polymer residues) to have an significant effect on graphene Wetting.178 Also, the results
in Figure 5.11b regarding SFg plasma (flourographene) are interesting compared to
prior literature: While in our experiments we do not evidence any significant change
in freezing behaviour for the fluorinated graphene on Cu, in contrast a prior study184
reported a lower freezing temperature for flourographene vs. pristine graphene on UHV
Ru single crystals (note that possible freezing transparency between graphene/Ru vs.
Ru was not studied in this ref.184). This discrepancy suggests that substrate effects (Ru
vs. Cu) could be important in the freezing behaviour of graphene, which is also in line

with the importance of substrate effects in wetting behaviour of graphene.lm’178

We also want to discuss the limitations of our here presented study. We report hitherto
not observed water freezing transparency of graphene/Cu vs. Cu under our conditions.
We emphasize, however, that the presence or absence of such freezing transparency is
suggested to be contingent on several factors. As already shown here, a key factor is
storage time in ambient and its linked adventitious carbon contamination build-up. We
further suggest that the type of substrate is key to the observed freezing behaviour.
While here freezing transparency on weakly interacting Cu is observed, more interacting
substrates such as Ni'"® or Fe as supports may result in different freezing behaviour on
such supported CVD graphene. Furthermore, in comparison to wetting experiments,
freezing experiments also have a much wider parameter space in terms of environ-
mental conditions and experimental applroaches.171 While wetting experiments almost
exclusively use contact angle measurements, for freezing experiments, the experimental
pathways to bring the water to the surface and induce its freezing are much more
varied: We here employ freezing of pre-supported water droplets in a dry atmosphere.
Freezing experiments can however also include other water delivery pathways such as
condensation freezing from a highly humid atmosphere or droplet impingement freezing
on pre-cooled surfaces." The type of droplet delivery and cooling pathways have been

prior shown to significantly alter freezing behaviour on various surfaces incl., e.g., widely
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studied SLIPS.'™

We therefore emphasize that our reported findings here are a first experimental impetus
to explore the currently critically under-investigated freezing behaviour on scalable
graphene and other 2D materials films, incl. the here found freezing transparency, in
a similar fashion as the wetting behaviour of graphene and other 2D materials has

2717 We also note that such experimental

been extensively studied in the recent past.
investigations will provide key feedback to all the computational work that currently
uses graphene as model surfaces for fundamental investigation of ice nucleation and on

the hitherto overlooked freezing transparency.

We also note that the here introduced freezing transparency concept not only links to
prior work on wetting behaviour/wetting transparency of graphene, but in a wider realm
also to other phenomena that rely on substrate properties to emanate through atomically

thin graphene /2D materials:"> These include, e.g., graphene-substrate-assisted growth
14

2,2

modes of extraneous films on graphene from vapour phase techniques3 as well as
“remote” epitaxy in which epitaxial relations between a substrate and a deposited film
are kept despite the presence of a sandwiched graphene interlayer.215 These processes
similarly rely on a phase transition of an extraneous material (here water/ice) on an
atomically thin 2D material sandwiched between the extraneous material and a bulk

support, as explored here for water freezing on graphene/Cu.

5.4 Conclusion

In summary, we have experimentally studied the water-freezing behaviour of scalable
CVD graphene films grown on application-relevant Cu. It was found that as-grown
CVD graphene on Cu can be “freezing transparent”, which is a term that we introduce
to describe the phenomenon when freezing curves on graphene/Cu vs. bare Cu ref-
erence samples are identical i.e. the presence of graphene does not change the water
freezing behaviour compared to on its bare underlying substrate. We explored the
conditions in which such freezing transparency can be observed and also explored how
chemical functionalisation of the graphene films can result in changes to freezing evolu-
tion to lower/higher temperatures. Our work thus introduces the concept of freezing
transparency of graphene on a metal based on the first experimental observation and
also introduces scalable CVD graphene as an ultimately thin materials platform for

control of ice nucleation and water freezing behaviour on a technologically relevant metal.
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TlO AT‘10 T25 ATQB T50 ATBO T75 AT?B
Graphene/Cu 301 420|316 +1.1|-324 +08|-33.0 +07
as-grown
Graphene/Cu 309 +1.7|-323 +07|-330 +05]|-334 +05
air plasma
Graphene/Cu
DM A 964 4+32| 284 +35|-293 +35|-321 +05
Graphene/Cu 304 +06|-31.1 +05|-324 +03]|-331 =+0.3
SF6 plasma 2 s
Graphene/Cu
SF6 plama 105 | 195 £25| 176 £52| 206 +63| 238 =79
Cu

305 414|316 +1.1]-323 +09|-329 =+05
annealed
Cu

. 304 440|321 +20| 333 4+04| 338 +04

air plasma
Cu 269 +38| 304 +43| 339 +03| 342 402
PMMA . . . T . . T . . T . .
Cu 96 +£22|-96 +22|-96 +22]-96 +22
SF6 plasma 2s ’ ’ ' ’ ’ ’ ' ’
Cu 138 +51|-138 +51|-138 +5.1 | -13.8 =+52
SF6 plasma 10s ' ’ ’ ' ' ' ' '

Table 5.1: Ty, Ta5, Tsg and T values in °C and their standard deviations (AT,,) for
our various samples for graphene/Cu and bare annealed Cu as fabricated and after the
various functionalizations (all measured 24 h after last fabrication step).
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TlO AT‘lo T25 ATQB T50 ATBO T75 AT?B
Graphene/Cu 301 +20|-316 +11]|-324 +08|-330 +07
as-grown
;};aphene/cu 956 +926|-281 +17|-306 +1.0]|-31.8 +12
Sﬁphene/cu 998 +06|-31.0 +04|-31.8 +06]|-326 =+06
Graphene/Cu 301 +11|-310 +07]|-31.6 +05]|-322 =+0.3
1 week
Graphene/Cu 989 +06|-296 +05|-306 +05]|-31.3 +05
1 month
Cu

305 4+14|-316 +1.1]-323 +09|-329 =+05
annealed
Cu
o 934 +55|-281 +13|-296 +08|-304 =+0.7
Cu
i 980 4+37|-314 +12|-324 +06|-329 =+03
Cu

307 +06|-319 +09]|-324 +07|-331 +05
1 week
Cu

9992 +18|-312 +15|-322 +15|-329 =+0.7
1 month

Table 5.2: Ty, Tys, Tso and Ty5 values in °C and their standard deviations (AT,,)
for graphene/Cu and bare annealed Cu samples after various storage times in ambient
conditions.
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CHAPTER 6

SUMMARY AND OUTLOOK

This work has examined graphene as an ultimately thin functional coating and concen-
trated on improving the underdeveloped graphene synthesis via CVD on metallurgical
substrates such as iron and steels, as well as the ice nucleation behaviour of well-

established CVD graphene on copper.

Chapter 3 presented a scalable approach for the production of large-scale, high-quality
monolayer graphene on iron under scalable conditions. It demonstrated that the optimal
growth conditions were achieved at a temperature in close proximity to the Fe-C eutec-
toid at 750°C. Insights into the graphene growth process were gained through in-situ
material characterisation techniques (XRD and XPS), which elucidated the carbon
interaction with the Fe substrate during CVD conditions. The growth of graphene
was demonstrated to be isothermal under ideal conditions, with carbon precipitation
towards the surface during cooling resulting in the formation of multilayer graphitic
regions. In-situ XRD analysis revealed that the substrate undergoes a transforma-
tion into a pure fcc-Fe phase during hydrocarbon exposure, indicating substantial
carbon diffusion into the substrate. The in-situ NAP XPS analysis demonstrated
that carbon diffusion into the substrate occurs immediately upon exposure to the
carbon precursor, and that saturation of the Fe subsurface with carbon is a prerequisite
for isothermal surface graphene growth. The substantial uptake of carbon into the
subsurface and bulk of the substrate also results in a substantial increase in surface
hardness, as evidenced by nanoindentation measurements. This shows the potential

to incorporate graphene growth into existing industrial surface hardening processes.
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Chapter 6 Summary and Outlook

The study also addresses the challenge of persistent surface oxidation as a result of
non-negligible residual oxygen under scalable CVD conditions that inhibit graphene
growth due to low catalytic ability. It also suggests that the carbon precursor can act as

a carbothermal reducing agent, facilitating graphene growth under the tested conditions.

The coverage of 70% monolayer and 80% overall carbon coverage constitutes a sub-
stantial improvement in scalable monolayer graphene growth on iron. Nevertheless,
for application as a functional barrier coating a non-complete coverage constitutes an
unacceptable problem. As mentioned, the incomplete coating is believed to be caused
by competing surface oxidation of the substrate during the CVD process. This could in
principle be addressed by adding a gas purification module to the CVD setup towards
oxygen-free CVD, which has shown to improve quality and reproducibility for CVD
graphene on copper.118 This, however, would come at the cost of easy scalability of the

process.

The role of carbothermal reduction of surface oxides is implied in this work on the
basis of ex-situ measurements. To further understand the mechanism and impact of
this reduction, further experiments should be conducted. For example, the controlled
partial oxidation with O, and reduction with varying Hy and Cy,H, pressures during

in-situ XPS could help illuminate the process.

The discussion on the impact of substrate microstructure and grain orientation on CVD
graphene growth was deliberately not included in this work due to its significant added
scope. In order to fully understand the system, this, of course, should be considered. For
this, detailed electron backscatter diffraction (EBSD) measurements would be needed,
before and after the CVD process to visualise grain size and orientation distributions.
Together with correlative Raman maps of the same area after CVD, this could provide

information on the impact of substrate microstructure.

Chapter 4 provided a comparison of CVD graphene growth on three archetypical
steel substrates with varying complexity. It focused primarily on the in-situ NAP XPS
analysis of the CVD process, which provided valuable insights and guidance towards im-
proving the growth of carbon coating. For low-carbon, low-alloyed steel, the large-scale
synthesis of high-quality monolayer graphene was achieved under non-scalable UHV
conditions in the XPS system and partial monolayer graphene was grown under scalable
CVD conditions. The imperfect surface conditions of the high-carbon, medium-alloyed

steel were identified to interfere with ordered graphene growth. In-situ NAP XPS
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Summary and Outlook Chapter 6

showed persistent graphitic surface carbon after annealing in H, , which we argue could
drastically decrease substrate catalytic activity and prohibit hydrocarbon decomposition.

Based on this finding, we introduced an additional oxidation step, substantially decreas-
ing the surface carbon and enabling ordered, isothermal surface carbon growth, resulting
in a previously unattainable multilayer graphitic carbon coating. The high-alloyed
stainless steel surface exhibited a mix of various oxide and carbide species as a result of
attempted scalable CVD graphene growth. This was prescribed to the known residual
oxygen in the CVD system and the high propensity of the alloying elements Cr and Mn
to form oxides. Under UHV conditions, in the NAP XPS system, the surface oxides
were readily reduced and a nanocrystalline carbon film with good coverage was grown

on the stainless steel substrate, using the same conditions as before.

The fact that the pre-oxidation of the medium-alloyed steel resulted in a significant
improvement and isothermal surface carbon growth is quite interesting and should
be further explored. Firstly the pre-oxidation step could be applied in the lab-CVD
system to test if this procedure translates to improved growth under scalable conditions.
Secondly, the fact that isothermal surface growth, very similar to pure Fe substrates,
was achieved on this substrate implies the possibility of monolayer graphene growth
with improved parameters and kinetic control. This could be done with additional NAP
XPS experiments, for which, however, further beamtime at a synchrotron facility would

be necessary.

The already discussed issue of substrate microstructure and grain orientation is evidently
even more interesting for complex steels such as the stainless CrNi-steel. However, the
added complexity of course would significantly increase the experimental and analysis

effort.

Chapter 5 explores the freezing behaviour of water droplets on scalably grown CVD
graphene on copper. In an effort to clarify conflicting reported freezing behaviour
and provide a more straightforward and statistically significant alternative to wetting
angle measurements of single droplets, this study analysed thousands of freezing events
on graphene-covered and reference annealed copper substrates. The study revealed
a previously unreported phenomenon, termed "freezing transparency". This "trans-
parency" could be lifted through various applied functionalisations of the graphene
and is thought to be intricately substrate-dependent, based on graphene-substrate
interaction. This study not only provided the first water freezing experiments on CVD

graphene on copper but the freezing transparency phenomena could be of interest to the
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Chapter 6 Summary and Outlook

computational community, where graphene is used as a model system for soot particles
relevant for atmospheric ice nucleation. Furthermore, the effect of adventitious carbon
contamination build-up through sample storage under ambient conditions in relation to

ice nucleation was examined.

Further experiments could include graphene grown on different other scalable substrates
such as Nickel or Iron, in order to see if the phenomenon of "freezing transparency" also
translates to other substrates and provide further insight into the intricate mechanism

of the graphene ice system.

Additionally, computational studies simulating the graphene-copper interaction together
with surface water freezing would be conceivably complex and computationally costly but
could provide invaluable insights into the underlying mechanism of water ice nucleation
on graphene. This, in turn, could guide the production of a more rationally designed

passive anti-icing coating.
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Abbreviations

CVD chemical vapour deposition

MLG monolayer graphene

FLG fewlayer graphene

ICCP impressed current cathodic protection
FET field effect transistor

HOPG highly ordered pyrolytic graphite
TMD transition metal dichalcogenide

LPE liquid phase exfoliation

LPCVD low pressure chemical vapour deposition
hBN hexagonal boron nitride

UHV ulta-high vacuum

hBN hexagonal boron nitride

SME shape memory effect

IR infrared

XPS X-ray photoelectron spectroscopy
NAP-XPS near ambient pressure X-ray photoelectron spectroscopy
SEM scanning electron microscopy

TEM transmission electron microscopy
SAED selected area electron diffraction
XRD X-ray diffraction

EBSD electron backscatter diffraction
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Chapter A Glossary and Appendix

A.1 Obstacles of scalable CVD graphene growth on
NiTi shape memory alloys

As discussed in section 1.2.5, the growth of graphene via CVD on alloy substrates in

general and NiTi shape memory alloys in particular face complex challenges.

Using graphene CVD on NiTi (Nitinol) shape memory alloys as a case study, we illus-
trate the constraints arising from low catalytic activity and the tendency to form oxides
due to the Ti in the NiTi alloy in terms of graphene growth results. We show that using
a scalable low-temperature CVD process at 650°C we can deposit homogeneous carbon
films on the NiTi, albeit at limited structural quality. Notably, we also demonstrate
that our CVD process does not degrade the bulk microstructure of the NiTi during
carbon deposition and importantly leaves the crystallographic shape memory effect
evolution intact. This underscores the potential of CVD for depositing graphene films
on NiTi alloys while emphasizing the necessity for further exploration of CVD conditions
to achieve high-quality graphene deposits akin to those on prior widely investigated

dedicated (often sacrificial) high-purity metal substrates such as Ni.

Prior literature has either used graphene grown on copper substrates that were trans-
ferred onto the NiTi alloy83’84 or atmospheric pressure CVD under argon or nitrogen

’86, which have used temperatures of around 1000 °C. They report a

autmosphere85
native oxide layer on the substrate and that rutile TiO, was persistent under their
conditions up to 950°C. At temperatures above 1000°C, no oxide was detected via
XRD and instead a prominent TiC phase was measured, which they identified as the

active substrate for graphene growth.

A.1.1 Results and Discussion

Our attempt to apply standard low-pressure CVD parameters for graphene growth
on copper, which are similar to the ambient pressure recipe of Li et al.,85 produced a
severely oxidized sample without any surface carbon. Analysis with optical microscopy
and Raman spectroscopy of the sample is shown in figure A.1. This indicates that our
CVD system has a non-negligible amount of oxygen remaining during the process, even
at a base pressure of 3¢ mbar, which does not affect the graphene growth on copper
but inhibits the growth on NiTi through the formation of persistent TiO, surface oxide

and subsequent elimination of the substrate’s catalytic activity.
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Figure A.1: Optical micrograph and Raman spectrum NiTi surface after CVD at
1000°C with CH, precursor. Raman spectrum shows mixed ti-oxide signal.218

A second approach was tried in accordance with our procedure for graphene growth
on iron and steel (chapters 3,4) and used the same growth procedure. We surveyed
low-temperature (650 °C to 750 °C) CVD conditions for graphene growth on NiTi
using CyH, as hydrocarbon precursor conditions. We chose these rather lower CVD
temperatures to reduce the propensity of the NiTi substrates to undergo drastic bulk
microstructure changes/degradation during the CVD process. CoH, was chosen because
it is the ideal hydrocarbon precursor for lower temperatures due to its high reactivity
down to ~450 °C for graphene glrovvth.58 The substrate used was a commercial NiTi
foil of 127 um thickness (Alfa Aesar, Nitinol foil, 45514, flat annealed) with a stated
transition temperature martensite —austenite of ~45 °C. In the same CVD runs we also
add elemental foil samples of the NiTi constituent elements, Ni (Alfa Aesar Puratonic
99.994% Nickel foil, 12046, 100pm thickness) and Ti (Alfa Aesar, 99.99% Titanium
foil, 13976, 127 pm thickness), to explore differences in carbon growth behaviour for
the individual elements against their equimolar alloy. Note that for Ni we expect
reasonable graphitic film growth under these conditions based on our prior Work,58’60
while refractory Ti is expected to behave as a hard to grow on substrate under these
temperatures based on prior work by others on similar refractory Ta substrates.”'%
An optical micrograph and a Raman spectrum of the as-received NiTi foils are shown
in Figure A.2. The optical microscopy and Raman confirm the as-received NiTi foils
to be of homogeneous appearance without signs of crystalline surface oxides or prior

carbon coverage.

Figure A.3 shows optical microscopy images and point localized Raman spectra of the

three sample surfaces (NiTi, Ti, Ni) after a typical CVD run with 1 mbar H, and 1

C
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Figure A.2: Optical micrograph and Raman spectrum of as received NiT1i substrate
foils.

sccm CyHy at 750 °C. The samples exhibit visually distinct surfaces, already indicating

differences in carbon growth.

On the reference Ni a carbon coating of mixed multilayered and monolayered graphene
with very low defect levels was produced, as evidenced by the sharp G and 2D peaks
in the Raman spectra and the lack of an appreciable defect-related D pea1<.102’149 We
note however that 1 sccm CyH, is a too high flux of carbon feeding for Ni compared
to our prior optimized homogeneous monolayered Ni recipes,58’60 which translates
to too fast carbon feeding on the highly catalytically active Ni substrates leading
to the observed mixed multilayer and monolayer graphene grovvth.lo2 Ni would thus
show better-controlled graphene growth a lower carbon fluxes (<0.1 sccm CyH, in
our system).58’60 We however note that for the NiTi and Ti substrates we find that
CyH, fluxes <1 scem under otherwise constant conditions led to diminishing carbon
coverage down to practically no carbon-related Raman signals after CVD (not shown).
Therefore here only the 1 sccm CyHy results are presented and the Ni results serve
only as an internal reference in terms of certainly achievable graphitisation under these
conditions with an established graphene CVD catalyst. We note that the Ni shows
no signs of surface oxidation after CVD growth in Raman. This shows that our here
employed CVD system has suitable low oxygen and water residual trace levels for
typical graphene catalysts.134’147 In contrast to the clear graphitic Raman features and
high structural graphene quality on the Ni, the NiTi shows carbon deposition of much
lower structural quality, whereby the carbon Raman spectra on NiTi in Figure A.3
are best attributed to an amorphous carbon film fully covering the substrate. This is
evidenced by the broad, merging D and G peaks and the lack of an appreciable 2D

peak."* Additionally, the NiTi shows clear signs of Ti-oxide (Ti02) formation on the

D
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218:219 g implies that

surface during the CVD process in the Raman in Figure A.3.
the scalable CVD conditions that we have applied are low enough in residual oxygen
and water traces in the process atmosphere to avoid oxidation of Ni but that for the
addition of refractory Ti, which is a much stronger oxygen getter than Ni, our vacuum
conditions are not sufficiently controlled with respect to oxygen/water traces to avoid
oxidation during CVD for the NiTi sample. The formation of the amorphous carbon
layer is found to be present all over the NiTi surface in Figure A.3 and the formation
of the Ti-oxide is also indicated by the change in colour in the optical micrographs

in Figure A.3 after CVD compared to the as received state of the NiTi foil in Figure A.2.

500 1000 1500 2000 2500 3000
: —— NiTi CVD 650°C
,,7T|02 i |

Intensity (a.u.)

——Ti CVD 650°C

Intensity (a.u.)

G ——NicvDe50°C

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Raman shift(cm™)

Figure A.3: Raman of second NiTi CVD experiments

Notably, in terms of Raman quality our CVD results on the NiTi in Figure A.3 are

not too dissimilar to prior literature on graphene CVD on NiTi and were in particular

E
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85,86
Compared

grown at much lower temperature (650 °C — 750 °C instead of 1000 °C).
to established recipes on other (non-refractory) substrates the structural quality of
the deposited carbon film (“amorphous carbon”) is however still quite poor and open
to improvement. Additionally, concurrently with the amorphous carbon deposition,

surface oxidation of the NiTi substrate has occurred, which is also undesired.

The Raman spectrum for the Ti reference in Figure A.3 similarly only shows the growth
of amorphous carbon and similar surface oxidation to TiO, under our CVD conditions.
Thereby, a comparison of the reference growths on Ni and Ti, indicates that the low
structural quality growth results on NiTi arise from the Ti in the NiTi compound.
This implies that the 50:50 mixture of Ni and Ti in the NiTi is, in terms of catalytic
properties toward carbon deposition and resistance against oxidation, more dominated
by the Ti properties than by the Ni properties. This highlights the problem of lacking
activity for graphene CVD from an alloy substrate (here NiTi) even if one principal

component element itself is usually catalytically active (here, Ni).58’60

To further improve our graphene CVD on NiTi future work will therefore need to ex-
plore a wider set of kinetic conditions (temperatures, pre-treatments, carbon precursors,
feeding rates, etc.) to overcome the limitation of insufficient substrate catalytic activity

towards graphene growth from the Ti component.

Nevertheless, our here presented carbon films on NiTi at 650 °C — 750 °C are not
too dissimilar in structural quality to prior work and grown at substantially lower

85,86 Therefore, we proceed to check if the CVD process has detrimentally

temperatures.
impacted the NiTi bulk microstructure properties,86 which would be a highly detrimental
factor in 2D materials CVD on metallurgical substrates, as outlined above, or if the
NiTi bulk microstructure functionality has been retained throughout the graphene CVD
process. A key test for preservation of bulk microstructure functionality in NiTi is the
exhibition of the SME, which is known to be dependent on the preservation of suitable
martensitic/austenitic NiTi microstructure evolution with temperature.220

In order to check if the basic shape memory property has been preserved post CVD,
in-situ XRD measurements were conducted, which are shown in figure A.4. A reference
untreated NiTi sample and the CVD treated sample were heated in steps of 20°C to
a temperature of 100°C in two separate experiments. Please note that the expected
martensite —austenite transition temperature for our NiTi substrates is ~45 °C. The

as-received NiTi sample shows both austenitic and martensitic phases at room temper-

. . o121
ature, characteristic for this composition.
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As it is heated to 40°C the martensitic peaks disappear and a complete change to the
austenitic phase is observed. No additional changes occur when increasing the tempera-
ture to 100°C. This is in excellent agreement with the stated martensite —austenite
transition temperature of ~45 °C. Upon cooling some of the martensitic features re-
appear forming again a mixture of martensite and austenite, albeit the austenitic peaks
have become more prominent. This run is thereby typical for exhibiting the reversible
martensitic/austenitic phase transformation (with some hysteresis) as a function of
temperature that is responsible for the SME.** We therefore take this behavior as
a reference for a functional SME XRD evolution and compare in the following if the

graphene CVD process has impacted on this SME XRD evolution.

For the amorphous carbon covered NiTi after graphene CVD, the XRD diffractogram
at room temperature shows a similar mixture of martensitic and austenitic NiTi phases
(International Centre for Diffraction Data (ICDD), PDF-5+ database, powder diffrac-
tion file entries: martensite: 04-015-5901, austenite: 04-002-7201) like in the as received
reference NiTi sample. Additionally however rutile and anatase TiO, signals as well
as a NizTi phase are detected. (Rutile: 04-001-7847, Anatase: 04-004-3579, NisTi:
04-007-1577) The TiO, phases are readily explained by the surface oxidation already
observed in Raman in Figure A.3. The existence of the Ni3Ti phase shows the extent of
the surface oxidation, which formed TiO, and left the NiTi subsurface region with an
excess of Ni, leading to the formation of NizTi. Upon heating to 40°C, the CVD-treated
NiTi sample undergoes the same transformation towards the full austenitic NiTi phase
like the untreated as received NiTi reference sample. The oxide and NizTi phases
are stable and do not change. Again, no further changes occur when increasing the
temperature to 100°C. Upon cooling, the post CVD NiTi sample regains all of the
martensitic phase peaks, converting back to the original state. Combined, the in situ
XRD data shows that the SME XRD evolution overall has not been affected by the
CVD process. This is a strong indication, that the CVD process has left the SME
property of the NiTi intact, just as desired.

A.1.2 Conclusions

In summary, we have here exemplified the challenges of 2D material synthesis on complex
metal alloy substrates discussed in section 1.2.5, by presenting graphene CVD results
on the shape memory alloy NiTi. We show that due to the low catalytic activity in

the NiTi arising from the Ti, graphene growth is currently restricted to homogeneous

G
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Figure A.4: (a) Temperature-resolved in-situ XRD of as received NiTi substrate,
showing a temperature cycle to 100°C with martensitic (M, International Centre for
Diffraction Data (ICDD), PDF-5+ database, powder diffraction file entry: 04-015-5901)
and austenitic (A, 04-002-7201) NiTi phases indicated. (b) Temperature-resolved in-situ
XRD of NiTi substrate after CVD process at 650°C. Salient phases are indicated. As
loaded, at 25°C austenitic NiTi (A, 04-002-7201), maternsitic NiTi (m, 04-015-5901),
Ni;Ti (@, 04-007-1577) and TiO, (@, Rutile 04-001-7847, Anatase 04-004-3579) are
present. We note that the background of the in situ XRD patterns was manually treated
in order to remove signals from the sample holder. This manual background treatment
does not affect the measured structural evolution associated with the NiTi samples.

but low quality amorphous carbon coatings instead of high quality graphene. Also
the propensity of Ti to oxide formation makes the NiTi samples susceptible to surface
oxidation from oxygen/water residues in the CVD atmosphere, which is much less of a
problem for standard graphene CVD catalysts like Ni. Nevertheless, our scalable low
temperature recipe at 750 °C yields carbon films not too dissimilar to prior work on
graphene CVD on NiTi. Notably, we here also demonstrate that our CVD process does
not degrade the majority bulk martensite/austenite phases of the NiTi and importantly
leaves the crystallographic SME evolution intact. This shows that CVD of 2D films on
metallurgical NiTi substrates is possible while retaining their desired bulk functionality,

but that more work on kinetic CVD condition exploration on the NiTi is necessary to
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achieve similarly high quality carbon deposits towards good quality graphene as we

have prior achieved on dedicated high-purity elemental catalyst substrates like Ni.

A.2 Publication Notice

This section has been accepted for publication and is listed as number 3 in the publication

list.
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A.3 Ice Nucleation Figure
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Figure A.5: Replot from Figure 5.11 with uncertainty bands from standard deviations

as shaded areas added.
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