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Summary

Corrosion has a major impact on the world economy. Barrier coatings is one of the most
widely applied strategies to reduce the degradation of materials, however, every coating
technology has its drawbacks. Graphene has the potential of creating the ideal coating, being
atomically thin and, when in perfect condition, impermeable to most molecules. However,
it has recently been demonstrated that graphene can promote galvanic corrosion and may
actually increase the corrosion rate in the long term.

The aim of this thesis is to individuate, develop and demonstrate solutions based on 2D-
materials, that can deliver viable coatings technologies circumventing the drawback demon-
strated for graphene coatings. The focus is twofold, with a solution that focuses on multi-layer
coatings, wherein the drawback of graphene is circumvented by diffusion limitations. Here
it will be shown that such solutions are viable in pH neutral environments, however, a new
issue with graphene coatings is encountered in strong acidic environments.

Another focus is on “white graphene”, another 2D-material that shares many of its prop-
erties with graphene, but without some of the fundamental limitations.

Through the development and investigations of 2D-coatings technologies, testing methods
and synthesis four patents applications have been submitted, making a substantial platform

for further development of 2D-based barrier coatings.



Dansk resumé

Omkostningerne til korrosionbeskyttelse, og genopbygningen efter samme, har stor indflydelse
pa verdensgkonomien. Barriere-basserede coatings er en af de mest brugte metoder til at
reducere nedbrydningen af materiale, men denne teknologi har ogsa sine ulemper. Grafén
har potentialet til at veere den perfekte coating ved at veere atomart tynd og, nar den er i
perfekt stand, uigennemtraengeligt. Det er dog fornyligt blevet vist at grafén kan fremme
galvanisk korrosion og kan gge korrosionsrate i det lange lgb.

Malet med denne afhandling er at udvalge, udvikle og demonstrere coating-teknologier
baseret pa 2D-materialer, der giver anvendelige lgsninger, der kan omga det netop beskre-
vne problem. Fokus for afhandlingen er todelt; fgrst behandles multilags-coatings, hvori
problemet med grafén kan omgas. Her vil det blive vist at sadanne lgsninger er gangbare i
pH-neutrale miljger. Til gengaeld opstar der et helt nyt problem i meget sure miljger.

Fokus vil ogsa blive lagt pa “hvid grafén”, et andet 2D-material, der har mange af de
samme egenskaber som grafén, men ikke de samme begraensninger.

Gennem udviklingen og undersggelsen af 2D-coating teknologier, testmetoder og frem-
stillingsprocessor er der indsendt 4 patentansggninger, hvilke kan give en steerk base for

videreudviklingen af 2D-materiale baserede coatings.
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Chapter 1
Introduction

This introductory chapter will first give a general but brief introduction to the fields of
corrosion science and graphene research, as well as the state of the art of these fields combined.
The motivation will here highlight the prospects of evolving these fields further. Lastly an

outline will be given, completing this chapters function of outlining the thesis.

1.1 Motivation

In a world with a limited supply of resources, and where corrosion and its mitigation account
for 3-4% of the GDP of industrialized countries[1, 2|, and 4.2 % or 180 billion dollars in the
USA alone[3], any reduction of these processes will have a significant impact on both the
environment and the world economy. The term corrosion, stemming from the Latin, corrosio
- eating away, is a general term for the process of degradation of a material by chemical
processes. In its common use, corrosion covers both oxidation of metals, microbial corrosion,
galvanic corrosion, metal dusting and pure chemical degradation.

Today different strategies for protecting surfaces are being utilized, including alloying with
metals less susceptible for corrosion, sacrificial anodes as well as coatings. While alloying will
change the mechanical properties of the substrate, and sacrificial anodes requires a large bulk
of disposable metal (that needs to be replenished), surface coatings can be applied without
significantly changing the mechanical properties of the coated material. However, classical
surface coatings does add to the thickness of the substrate, potentially ruining the tolerances
of the item coated. Moreover, the interface between the coating and the substrate needs a
strong adhesion, as there is otherwise a risk of delamination|4].

Ultimately, three core strategies exist, each with their own advantages and disadvantages
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1. Alloying, forming a stronger and more corrosion resistant material or a self-passivating
material. Here mechanical properties will change, but corrosion can be slowed in certain

environments.

2. Anodic protection, creating a galvanic system, in which the substrate is the noble part,
and will act as a cathode and therefore not corrode. However, it will accelerate the
corrosion of the sacrificial metal anode, which will require space and have to be replaced

periodically.

3. Protective surface coating. Here the mechanical properties are maintained, however, a
surface layer may not only affect physical dimensions, it would also change properties
such as heat conductivity. Also, a weakness exist in the interface, where strong adhesion
can be hard to achieve, and a risk of delamination exist. Wear and tear may also break

down or penetrate a surface coating.

In this thesis, the third strategy will be explored. We will start by imagining the perfect
coating: A material so thin that it does not change the geometry of the coated object,
thus not compromising any mechanical tolerances. A material that acts as a perfect barrier,
allowing no species to come in contact with the object to be protected. A material that is
flexible and can conform to the substrate. A material that adheres well. A material that
is chemically stable, and does not dissolve, oxidise or otherwise change in strong acidic or
alkaline media. The material should also be stable in saline environments, as this is one of
the major sources of corrosion both in the maritime industry and in general[5]. A material
that does not contain heavy metals and generally is environmentally friendly. And lastly, a
durable coating that can withstand abrasion from sand, rocks, metal splinters etc.. In most
applications it should be inexpensive as well.

To the knowledge of the author no coating existing today comes close to fulfilling al of
the requirements listed above, and an universal “perfect coating” does not exist. One can
only choose a coating that fulfil some of these properties most central to the application at
hand.

Starting with the first property listed; a super thin coating, one possible candidate has
been proposed in graphene|[6-9]. The recently discovered, atomically thin material consisting
of sp*-hybridised carbon[10, 11]. Moreover, Scott Bunch et al. demonstrated that even a
single atomic layer of perfect graphene is impermeable to all molecules, even hydrogen|12]
potentially fulfilling the second property listed. Graphene may be flexible as well[13] and

thermally, graphene is stable up to 500 °C in air on a silicon dioxide substrate|[14]. Consisting



CHAPTER 1. INTRODUCTION 3

Mechanical exfoliation

(research,
CcVD prototyping)
(coating, bio, transparent
',QQ conductive layers, ‘
*e, electrﬁnlcs,_ —
@30 % , Photonics) v
» » o,® © <

Quality
©

~
'?u

SiC
(electronics,
RF transistors)

x att Hay - Liquid-phase exfoliation
& *#+  (coating, composites,
TLN ik
., inks, energy storage,

I e L 3 . .
£ ™ 5 bio, transparent conductive layers)

Molecular
assembly
(nanoelectronics)

Price (for mass production)
(a)

Figure 1.1: (a) Graphene synthesis methods. The cost/price axis can be translated to a
viability scale for corrosion protection barrier coatings. Reprint from [19]

only of carbon, graphene is inherently free of heavy metals.

However, graphene coatings are still in an early phase of development, and it has only
been tested in stringent laboratory-based tests. Moreover, Schriver and co-workers|15] found
that graphene, being derived from the very noble carbon/graphite, can actually enhance
corrosion by forming an galvanic cell as the cathode. Hsieh et al. showed that it was
possible to selectively block defects in single or few-layer graphene coating using atomic layer
deposition (ALD), hugely decreasing the corrosion rate[16]. This method only demonstrates
the potential of a perfect graphene coating, however, the coating produced is not stronger
than the blocking material deposited and this increases the coating thickness. It is therefore
not deemed a viable route as an industrial coating.

An obvious first question is: Can this galvanic corrosion enhancing phenomenon be cir-
cumvented in a practical way? Secondly, how does graphene fare in tests more applicable to
the industry, both in saline and other even harsher environments? Does an alternative to
graphene exist which does not have this inherent weakness?

Graphene can be produced in several ways, as illustrated in figure 1.1. Cost can be
translated into a viability scale, and thus mechanical exfoliation is easily ruled out. In this
work, chemical vapour deposition is chosen as the main fabrication method, as this synthesis

method produces high quality graphene [17], that can be fabricated in meter scale [18].
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1.2 QOutline

This thesis will, after this introduction to corrosion, corrosion prevention strategies and
graphene go through the theoretical background, going in depth with the properties that
potentially makes graphene - and other 2D materials - uniquely suited to fill a gap in the
coating and corrosion prevention sector. Here basic electronic properties of graphene that
are necessary to understand its mechanical behaviour will be treated. Properties such as
impermeability, stability and mechanical bond strength will be described.

In chapter 3 the primary or repeatedly used methods from this thesis will be described.
The chapter can be used as a list giving a basic explanation of equipment for synthesis,
characterisation and testing equipment. Here equipment used in a standard way will be
shortly described, generally in the context of corrosion or graphene, while some instruments
used in non-standard way for analysis of 2D-materials will be described in more detail. Some
details will also be given on the Quick Working electrode, a piece of electrochemical equipment
invented in this project.

In chapter 4 the synthesis of coatings will be described such as single layer graphene,
multi layers graphene and hexagonal boron nitride. This chapter will include recipes that
can be used as a basis for replicating the coatings described in this work.

In chapter 5 single layers coatings will be described. Here single layers graphene and
single layer hexagonal boron nitride are compared as oxidation barriers for protecting copper
surfaces. The evolution of oxygen was monitored in real time during the experiments at
elevated temperature in air. The fundamental differences between these 2D materials have a
great impact on their performance.

In chapter 6 multi-layer coatings will be treated. Here nickel is used as a seed layer for
synthesis of graphene for protecting stainless steel in simulated seawater. Electrochemical
tests are made, highlighting the influence of the seed layer, and long term test of the coating
in heated seawater completed the picture of how multiple graphene layers can overcome one
of the fundamental problems that can arise from graphene-based coatings. Another set of
experiments were conducted in strong acids. Here the impact of the seed-layer or catalyst
is once again emphasized, as aqueous protons can interact with this and compromise the
otherwise effective barrier coating.

In chapter 7 an overview of the problems highlighted and solved throughout this work
will be given. The properties of graphene and hexagonal boron nitride will be discussed and

their potential impact accentuated.



Chapter 2
Theoretical background

This chapter will highlight the fundamental properties of primarily graphene, but also dis-
cus some properties of hexagonal boron nitride, as an alternative to graphene for coating
purposes. First carbon allotropes will be treated, and fundamental properties of graphene
mentioned as a consequence of the hybridisation. Hereafter advantages and disadvantages in-
herent in using a two dimensional material as a corrosion or oxidation barrier will be treated.
Reading this chapter will give the reader the conceptual framework used throughout the

thesis.

2.1 Carbon and Hybridisation

In the ground state, carbon has two electrons in the 2s-orbitals, and two valence electrons
occupying two of the three 2p-orbitals. The energy states for s- and p-electron orbitals in
carbon are very close to each other, making hybridisation possible. If all three p-orbitals
are hybridised, the sp® orbitals will give rise to four chemical bonds and create an insulation
material such as diamond. However, in the case of sp?-hybridisation, three chemical bonds
with a 120 degree angle between them will be preferred. This planar structure, in addition
to the electrons used in the chemical bonds, has an extra p-electron available. This gives rise
to weaker m-bond, where the electron both contribute to the covalent bonds, but are still free
to move making the material conducting. Graphene and graphite is sp>-hybridised. Lastly,
an sp-hybridisation is possible, where only one p-orbital is hybridized with an s-orbital. This
is seen in the hydrocarbon class of alkynes such as acetylene.

Graphene, being sp?>-hybridised, has 3 strong o-bond from the hybridised orbitals forming

a honeycomb lattice. The last 2p-orbital electron is much looser bond, making it mobile and
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Figure 2.1: (a) Carbon phase diagram. Graphite, with its sp*-hybridised carbon, can be
seen to be the most stable allotrope of carbon up to high pressure (> 10 kbar) and high
temperature (4000 °C). Simplified version originally from [22]

gives sp2-hybridised carbon electronic properties in contrast to the insulating sp® carbon
allotrope.

Observing the phase-diagram for carbon, it becomes clear that the sp>-hybridised graphite
is the most stable form of carbon, not only at ambient pressure and room-temperature, but in
the full range of temperatures and pressures found in most application from deep-sea (down
to more than 10000 m) and at temperatures up to approxiamtely 4000 °C as seen on figure
2.1a. Theoretical calculation even suggest that graphene is more stable than graphite, and
can withstand temperatures up to 4237 °C|[20]. However, in ambient atmosphere, the carbon
can react with constituents form the air, and single layer graphene have been reported to
oxidise at temperatures down to 250 °C|[21].

Graphene chemistry can be compared to that of graphite, with high chemical stability, but
with the ability to adsorb and desorb various atoms and molecules such as NO,, NH;, K and
OH, which can act as electron donors or acceptors and affect its electronic properties|23].
However, in contrast to graphite, graphene is all surface and no bulk, so even moderate

surface modifications may in some cases affect its properties. Moreover, where graphite is
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flat, graphene can exhibit nanoscale curving in turn giving local strain and compression,
again influencing local reactivity.

Even though graphene is very stable, it can be made to react with e.g. hydrogen. Elias
et al. [24] used plasma to hydrogenate graphene, creating graphane. By change the carbon
to a sp3-hybridised structure, no carbon bonds are broken and the graphene structure is
maintained. Graphane is electronically very different from graphene being an insulator.

Graphene can also react with oxygen creating graphene oxide (GO). As the purely chem-
ical oxidation of graphene to GO is not easily done, graphene oxide is classically produced
in a mixture of sulphuric acid, sodium nitrate and potassium permanganate[25]. This is,
like graphane, no longer a true 2D-material, however, imagining a coating undergoing this
transformation it would, in itself, not be destroyed, with the maintained hexagonal structure.
However, further oxidation can take place, where carbon atoms are substituted with oxygen
atoms. From DFT-calculations it has been seen, that such groups can align and form epoxy
groups. These can then in turn be transformed to carbonyl pairs resulting in a hole in the

graphene film[26].

2.2 Hexagonal Boron Nitride

With the same honeycomb structure, consisting alternately of boron and nitrogen atoms,
such that only nitrogen-boron bonds exist, with almost the same bond length (a.. = 1.42 A,
ap,~1.45 A[27]), hexagonal boron nitride (hBN) is an insulating counterpart to graphene.
The similar bond length and structure opens up the possibility of in-plane hetero structure
with only limited strain in the crystal lattice. With a band gap of ~ 6 eV, hBN is also
referred to as “white graphene”. Li et al. investigated the stability of hBN in air, and found
it much less reactive with oxygen than graphene. Like graphene, the reactivity depended on
the number of atomic layers, with a single layer being most reactive. According to their study,
single layer hBN starts to oxidise at 700°C, and can sustain up to 850°C, while multi-layer
structures can tolerate slightly higher temperatures|28]. Thermogravimetric studies have
suggested that thick hBN nano platelets are stable up to 1000°C in air[29]. In acidic media,
hBN is very stable, however, a strong alkaline solution may exfoliate the layers[30]. Another
important aspect is, that, like graphene, hBN has a negative thermal expansion coefficient,

and will therefore act in a contrary way to metals.
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2.3 Impermeable Honeycomb Lattice

The permeability of the honeycomb lattice was tested by Scott Bunch et al. in a range of
experiments|[12]. In one of these, flakes of single layer graphene were placed on cavities etched
into a silicon wafer. By changing the surrounding pressure, the graphene membranes acted
as balloons due to the pressure difference. By observing the deflation of these balloons it
was concluded that the only leak of the nitrogen gas inside the balloons were through the
underlying silicon dioxide substrate. On figure 2.2a the gas escape rates of three different
gases are shown. No difference could be seen between using a single atomic layer of graphene
and the maximum tested, 75 atomic layers. These results can be supplemented by density
functional theorem (DEFT) that predicts a potential barrier of 35 eV for O, to pass through
the hexagonal ring in graphene[31]. For passing through hexagonal boron nitride in the
same manner the number is slightly lower at 30 eV. A single missing atom defect lowers the
potentials substantially. Also, in the case of hBN, the potential barrier for oxygen depends
on the atom missing, due to the different electronic configurations of the elements; a missing
B-atom results in a barrier of 11 eV, while a missing N-atom only results in a barrier of
3 eV. This should be put into perspective, as the thermal energy at room temperature is
approximately 26 meV. Shen and coworkers did also do a simulation of an 8-atom defect.
Here the barrier is lowered to 0.1 eV, which can no longer be considered a effective barrier,

and will still give a rate constant of approximately 2% according to the Arrhenius equation
k = Ae~Ea/(RT)[31].

2.4 Mechanical Properties and Adhesion

The Morse potential can be used to approximate the carbon-carbon bonds (of length a.. =
1.42 A) as springs, and, along with geometry considerations, as a mean to estimate the Young

Modulus of graphene. The Morse potential is given by
Un(r) = D, ([1 - 6_6(““’)]2 — 1)

Belytscko et al. made atomistic simulations of carbon in carbon nanotubes, which is a
close aproximation of graphene. They found the constants D, = 6.03105 - 107! Nm and
B =2.625- 10 m~![32]. The Morse potential is plotted on figure 2.2b for r, = ac..

Taking the Morse potential around the minimum energy, the potential can be considered

k(r—re

parabolic and can be described as U(r) = = 2 for r ~ r.. The spring constant can be
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Figure 2.2: (a) Graph of gas escape velocity as a function of graphene film thickness. It is
apparant that no significant difference is seen between one atomic layer of graphene and 75
layers. From [12]. (b) Morse potential approximating the carbon-carbon bond.

found by taking the second derivative

()

which described the spring constant of a single bond. However, due to the honeycomb

lattice, with the 120° angle between the o bonds, the effective spring constant is
1 1 -
kepp= -4+ —"—— = -k
1 (k+2kzsin30°) 2
Young modulus can then be written as

E=—-= = = (2.1)

Arfrg Ao(Ar/r.) 24

o F/Aq nkeprAr nkr,
€

where n is the number of bonds per cross-sectional area Ay. A true 2D object does
not have a cross-sectional area, but as the electron cloud spreads out perpendicular to the
graphene-plane, graphene can in this case be considered quasi-3D. This distance can be set
to the spacing between two layers of graphite d = 3.35 A[33]. The bond length should,
however, be taken as two opposite sides of the hexagon to account for the effective spring

constant /3a.. = 2.46 A. Inserting these values in equation 2.1 results in a Young’s modulus
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of £ = 1.44 TPa. However, it should be noted that uniaxial strain of graphene will result in
a contraction in the perpendicular direction. Think of pulling a chicken fence - even though
the metal does not bulge, it can still be elongated, but will be contracted in the perpendicular
direction. This is also the case for graphene, and a real Young’s modulus is therefore expected
to be smaller than the calculated approximation.

In comparison Lee et al.[34] measured young modulus of a suspended single layer graphene
over a round hole with an AFM-tip to be 1.0+0.1 TPa. However, due to the very thin nature
of single layer graphene, this exceptionally high Young’s modulus, will still result in a flexible
film. The failure strain is large for graphene as well, reported to be around 12%][34].

Graphene might have very strong bonds in-plane, however, out of plane only van-der-
Waals (vdW) forces remains to attach a perfect graphene film to a surface. Due to the
flexibility of graphene it can conform to surfaces, resulting in a much larger contact area
for the vdW forces to work on. Even soft macroscopic surfaces has a relative small contact
area on the macroscopic scale, let alone even smaller on the micro- or nanoscopic scale[35].
Graphene, on the other hand, has a much larger contact area, that, combined with the low

weight of a single atomic layer, results in an unusually strong adhesion from vdW-forces.

2.5 Corrosion, Oxidation and Steel

Corrosion is categorised into a number of different mechanisms. In this section, mechanisms
central to the experiments and for graphene related systems in general will be described.

Firstly, uniform corrosion is a homogeneous attack and degradation of a surface affected by
a corrosive media or driven by the part having attained the role of anode in an electrochemical
system. Uniform corrosion may lead to degradation of large metal part, but it is easily
detectable, so it seldomly lead to catastrophic failures.

A very common form of corrosion, and especially important for graphene or graphite
related systems, is galvanic corrosion. When dissimilar metals are electrically connected,
most of a corrosion cell is established, as the most noble will attain the role of cathode, while
the less noble will be the anode. If the two electrically connected metals are also in contact
with an electrolyte, a complete corrosion cell is made, where electrons can be supplied from
the anode to the cathode, where they can combine with anions from the electrolyte, which
are then precipitated and deposited. Similarly, the lack of electrons will make the anode
dissolve. The galvanic series can be seen on figure 2.3a. Here it is clear that graphite, and

therefore graphene, has a higher potential than almost any metal in the series, and therefore
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will form a galvanic cell being put in contact with any of these metals.

A corrosion cell can also arise locally, even on a single element, for instance initiated by
geometry. In crevice corrosion a local diffusion controlled depletion of oxygen results in a
locally more acidic environment which in turn induces a corrosion process. As metals are
conducting the cell now exist between the crevice and bulk surface, where the crevice acts
as anode and the bulk surface as cathode. Metal ions released from the anodic reaction can
hydrolyse, further decreasing the pH and sustain the extra corrosive micro-environment in the
crevice. An illustration of the process in seawater can be seen on figure 2.3b. In this case an
iron-alloy, such as steel, is oxidised in the crevice Fe —— Fe*" +2¢~, which according to the
Pourbaix-diagram initiates already at a pH below 7[36]. The electrons are used for splitting
water outside the pit O,+2H,0+4e” —— 4 OH™. The pit is now positively charged drawing
in negative ions such as chloride, which in turn can react with the iron and give rise to the
reactions, FeCl, +2H,0 — Fe(OH), +2 HCI and FeCl, +3 H,0 — Fe(OH), + 3 HCI|37],
building up rust concealing and isolating the pit while at the same time increasing the acidity
of the pit further, accelerating the corrosion.

While some metals, like copper, have a porous oxide layer, others have much denser oxides.
By forming these denser oxides, some metals can protect themselves. The metal oxide may
both have a different chemical potential, making corrosion or further oxidation harder, and
may block passage to the un-oxidised metal surface underneath. Observing the corrosion
rate of a metal that forms a protective oxide, an initial higher rate will be followed by a
reduction when the passivating oxide is formed. However, if the environment is sufficiently
harsh, or a potential is applied, the oxide will eventually break down, and the sample will
corrode quickly. Further information will be given in section 3.7.2.

Another important aspect is not to damage the substrate while applying a coating. Paints
and coatings that can be sprayed, spin-coated or painted onto a surface are often applied at
room temperature, however, many of the coatings that will be described in this thesis are
synthesised directly on the substrate surface at high temperatures. When e.g. stainless steel
is prepared for a product, it undergoes a certain heat treatment and subsequent controlled
cooling rate, making sure that e.g. the carbon contents is according to specifications. Heating
a substrate above, and especially keeping it above a certain temperature, can start sensit-
ization. In this process e.g. chromium migrates towards the grain boundaries, de-alloying
stinaless steel. So, besides the changes to the mechanical properties, the de-alloying will
result in local cathodes/anodes of different compositions|[39]. The areas around the grain
boundaries will experience accelerated corrosion in electrical and ionic contact to the more

cathodic migrated species. This is especially the case as these areas have a lower chromium-
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Figure 2.3: (a) Galvanic series in seawater. Graphite can be seen to be the most noble
entity, and will therefore act as the cathode in contact with any other element on the list.
The stainless steels have two areas - the filled, which are their natural potentials, and the
grey areas which are their potential with their native passivating oxides formed. From [38].
(b) Tlustration of crevice or pitting corrosion of steel. The inside of the pit will act as an
anode reducing iron. The electron are transported through the metal to the surface the acts
a cathode, reacting with water and oxygen creating hydroxide-ions. The pit will now be
positively charged which will draw in negative ions such as chloride. These can react with
the iron-ions forming a salt further isolating the pit and as a by-product produce hydrochloric
acid, further enhancing the corrosion in the pit.




CHAPTER 2. THEORETICAL BACKGROUND 13

contents, thus are less prone to forming a passivating oxide as is clear from figure 2.3a. This

phenomenon is called inter-granular corrosion.



Chapter 3

Methods

In this chapter I will describe the equipment used for synthesis and characterisation of 2D
materials, both single and multi-layered. Although a range of fabrication methods are pos-
sible for producing graphene and other 2D-materials, this thesis limits itself to synthesis
using chemical vapour deposition (CVD). This chapter will also briefly describe the testing
methods used to characterise the synthesised graphene and hBN coatings. It will describe
the techniques such as scanning electron microscopy (SEM), transmission electron microscopy
(TEM), Raman sectroscopy, X-ray photoemission spectroscopy (XPS) and a range of electro-
chemical characterisation techniques that have been used during this project. All synthesis
and characterization methods have been adjusted and used by me. I performed the ultra-high-
vacuum synthesis together with Dr. Camilli from DTU Nanotech and Jakob Jorgensen et al.
from the Surface Dynamics Group at the University of Aarhus.

3.1 Synthesis Equipment

Throughout the project several fabrication systems were used; a home-built CVD-system, a
commercial rapid-thermal CVD-system (RT-CVD), a commercial system with the possibility
of plasma enhance CVD (PE-CVD) and a customised commercial tube-furnace. Moreover
ultra high vacuum equipment was used for heterostructure growth. Here they will be shortly

described with their most pronounced properties.

3.1.1 Home-built CVD-system

Early tests for multilayer-graphene synthesis were conducted in a system based on halogen

bulbs heating a graphite block inside a low-vacuum environment. The system was able to

14
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supply hydrogen, nitrogen and acetylene to the sample during processes and could maintain
temperatures around 850°C. A LabJack controller was used with LabView to control the four
mass-flow controllers. The pulse width modulated output from an Arduino microcontroller
was used in connection with a high-power MOSFET for controlling the power to the two
halogen light bulbs with feed-back from a thermocouple inserted directly into the graphite
block. A variable valve was installed between the chamber and the rough oil pump. The
chamber lid consisted of a 1 ¢m thick glass disc, making it possible to observe the sample

during synthesis processes.

3.1.2 AS-ONE - Commercial CVD-system

Throughout most of the project a system produced by AnnealSys (Montpellier, France) was
used for graphene synthesis. The AS-ONE is a Rapid Thermal CVD (RT-CVD) system
capable of reaching 1500°C at ramp rates up to QOOOTC by using high-power infra-red light
passing through a quartz-window to radiate the sample, and thus minimizing the thermal
inertia compared with a resistively heated system. We have constructed a gas system able
to supply hydrogen, argon, acetylene, methane, bubbled borazine and nitrogen to the CVD-
system. The reaction chamber is a cold-wall type and has a volume of approximately 1L,
only leaving space for small samples such as films, foils and wafers. The chamber can be seen
on figure 3.1a. A susceptor able to accommodate a 4 inch wafer was bought with the system,
but using a computerised numerical control (CNC) tool, I milled out a slightly larger box
made of graphite able to hold samples up to ¥80 mm and a height of 7 mm.

Three exhaust options can be used on the system: Either ambient pressure automatically
open a valve directly connected to the ventilation system, a turbo-molecular pump can be
used to obtain a high vacuum (107® mbar range - however, no process gasses can be used
while the turbo-molecular pump is utilized) or a capacitive pressure gauge can control a
variable valve to the rotary pump. Here the pressure can be controlled in a range from
approximately 1072 mbar up to 133 mbar limited by the gas flow rates and the range of the
pressure gauge. The pumping system can be seen on figure 3.1b.

Due to the high temperatures used, copper occasionally evaporated and is subsequently
deposited on the cold walls and the quartz window in the system. I designed a kit for cleaning
the system using 10% nitric acid, effectively removing deposited copper from the stainless
steel and quartz, however, parts of the chamber are not as easily accessible and possible

cross-contaminating is therefore an important factor to assess before using the system.
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Figure 3.1: (a) Schematic illustration of the synthesis chamber, halogen lamp placements and
temperature readouts of the commercial Annealsys AS-ONE system. The very limited space
of the round 1 L. chamber can be seen. The backplate and sidewall are directly water-cooled
as is the sides of the quartz window. A sample or sample susceptor cannot get to close to
the quartz window, as this would cause a heatup, and possibly break the quartz windows
due to too large temperature gradients. (b) Overview of the pressure control system of the
AS-ONE RT-CVD system. Process gasses can be used either at ambient pressure using the
check valve or using the rotary pump. The pressure in the chamber can be controlled using
a variable valve in the range from 10~®mbar to 133 mbar. The maximum limit is determined
by the range of the pressure gauge giving direct feedback to the valve controller. The turbo
pump can only be used for vacuum annealing. Courtesy of Annealsys

3.1.3 Tube Furnace

To have a more versatile system, a commercial tube furnace was bought (produced by MTT
corporation, Richmond, USA), with interchangeable tubes for each kind of process, thus
reducing considerably possible cross-contamination issues. The tube furnace ramps the tem-
perature with a maximum rate of 10°C/min and the gas-injection system consists of a 0254
Brooks Mass Flow Controllers (MFC) control box controlling 3 Brooks MFC’s for meth-
ane/acetylene, bubbled borazine and hydrogen. The 4th channel is based on a card-edge
MFC controlled via a custom made cable and power supply, and supplies high flow of argon.

A quartz boat, for holding the samples, is inserted between two ceramic blocks in the
quartz tube. Resistive heating coils installed in insulating ceramic material heats up the
central part of the 45 cm long tube. Gas flows from one end of the tube to the other through
the chink between the quartz and the ceramic blocks. In one end of the tube a pressure
gauge is installed along with the inlet from the gas systems, while the other has a variable
valve to the oil pump. Moreover, a pressure safety valve is installed, which opens directly to

the exhaust system if the pressure inside the tube exceeds atmospheric pressure.
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3.1.4 UHV-synthesis

Some synthesis, in particular the graphene /hBN hetero-structures, were conducted in ultra-
high-vacuum systems located at the University of Aarhus. Here the synthesis gases were
dosed using leak-valves into the 10 ®mbar environment, and the sample was heated using a
hot-filament and had a thermocouple or pyrometer readout. This was used both in a Scan-
ning Tunnel Microscope (STM) chamber and in the MATLINE-beamline on the ASTRID2

synchrotron facility.

3.2 Optical Microscopy

Simple optical microscopy can be used to assess the damage to a surface after a corrosion
test or to locate graphene flakes on a surface. However, single layer graphene absorbs 2.3%
of white light, making it difficult to detect. This can be remedied by using the calculations
done by Blake et al.[40] and thus use a suitable thickness of silicon dioxide underneath the
graphene layer, that will improve the contrast of single layer graphene to 10-15%. The
contrast enhancement can be seen on figure 3.2a.

The large angle light used in darkfield microscopy will also enhance edge contrasts, as
only these will reflect light into the optics of the microscope, as demonstrated by Kong et
al.[41].

3.3 Raman Spectroscopy

In Raman spectroscopy monochromatic light is used to excite molecules into vibrational or

rotational energy states. The energy of a photon is Eppoton = hct. where h is Planck’s

27
constant, ¢ is the speed of light and ) is the wavelength. An absorbed or emitted quantum of

light, a photon, has the energy AE,, = Epnoton = hc% which can be rewritten into v = A};Ecm,
1

where ¥ = { and is the wavenumber. Monochromatic light interacts with the molecules, is

absorbed and excites these to virtual energy states. As these virtual states are not stable,

they will rapidly decay and re-emit a photon, which is either directly re-emitted (Rayleigh-
scattering) returning to the original energy state, down-shifted in energy (Stokes Raman
scattering), thus returning to an allowed energy state higher that the original energy state of
the molecule, and re-emitting a photon shifted in energy the difference between the original
energy state and the new higher energy state. Lastly, the re-emitted photon can also be

up-shifted in energy (Anti-Stokes Raman Scattering), where the original energy state is not
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the lowest possible, and the newer state has a lower energy as seen illustrated on figure
3.2b. By filtering out the wavelength of the monochromatic light source, only the energy
up- and/or down-shifted photon remain. The shift in energy compared with the incident
phonon provides a signature of the chemical bonds of the molecules as close to the samples
surface as the monochromatic light can penetrate. The virtual energy states can decay into
energy states that are vibrations or rotations of the molecules (phonon modes). Therefore,
bond lengths and strength, nucleus masses and geometry are all ingredients that allows
Raman spectroscopy to provide a fingerprint of the molecules involved. Moreover, molecules
subjected to stress, strain or doping, changes some of the parameter previously mentions,
which will result in peaks shifting, providing another lever of information from the obtained
Raman spectra. However, interpretation of Raman spectra may be difficult, as the amount
of factors that can affect the spectra is so large.

A Raman microscope integrates the laser sources in an optical microscope, making it
possible to use the optical viewfinder to locate and expose a sub micro-meter sized spot on
the sample. Moreover, using the technique with a motorized stage, it is possible to scan the
sample surface and thus map local variations in a sample. More specifically, a DXR Thermo
Scientific con-focal Raman microscope with a 455 nm laser was used throughout this project.

Raman spectroscopy is one of the most useful tools for detecting graphene, as the different
vibrational modes of the sp2-hybridized carbon not only reveal its presence, but also indicates,
among other things, stress and density of defects[42]. Three characteristic resonances are
present when studying graphene: The carbon G-peak at 1582 cm™!, which is also present in
other allotropes of carbon[43| and excites the Es;-phonon mode which is narrow in graphene;
the D-peak at 1350 cm ™!, which represents the defect density of the graphene lattice that can
initiate a breathing mode of the lattice[44]; and lastly the 2D-peak at 2700 cm™! indicating
the long range order of an unperturbed graphene lattice [45, 46]. A Raman spectrum of
multi-layer graphene obtained directly on a nickel surface can be seen on figure 3.3a.

The signal strength is related to the absorbance in the material irradiated by the laser
source. As single layer graphene is highly transparent in the visual range, the amount of
photon interacting will be similarly low and likewise the signal. Placing a graphene sample
on silicon dioxide with a suitable thickness compared to the colour of the laser used enhanced
the contrast of a single layer graphene greatly as seen on figure 3.2a.

Another important aspect when investigating graphene directly on a metal substrate is the
contributions from the substrate itself. Here the choice of laser colour is also important. On
copper, higher photon wavelengths results in photoluminescence from the copper background,

while lower wavelength avoids this problem[47]|. For this reason a 455 nm laser was chosen
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Figure 3.2: a) Calculation of single layer graphene absorption as a function of wavelength.
Reprint from [40]. b) Energy levels and scattering mechanisms in Raman spectroscopy.

for all Raman experiments instead of the more common 532 nm or 633 nm lasers. It should
be noted that the use of a higher laser excitation energy blue-shifts the 2D-peak of graphene
compared with the more common green laser[46].

Due to a strong electronic coupling, graphene on a metal such as copper, has a very limited
Raman contrast. A de-coupling can be made by oxidizing the copper, creating a cupric oxide
layer in the interface, enhancing the contrast by more than an order of magnitude[48]. Multi-
layered graphene structures does not have this problem, as consecutive layers will be less
affected by the metal substrate. However, with the chosen laser wavelength, contributions
from the substrate surface must be expected from samples much thicker single layer graphene.
The penetration depth of a 514 nm argon laser in graphite was estimated to be approximately
100 nm, and must be expected to be slightly shorter for the 455 nm excitation laser[49].

Inserting the refractive index found for graphene by Wang et al.[50], the penetration depth
Ao

27 (n, (M) \/sin2 973(@

6 is the incident angle of photons and n, is the refractive index of media 1 (air), n, is the

can be estimated by 6, = (A))[51]; where Ag is the incident wavelength,

refractive index of media 2 (graphite) and n;, = i—f From a normal angle of incident this

Ao
273 (n(N))

attenuation of 1/e for the exponentially decaying signal is predicted.

reduces to 0, = In this case a penetration depth of approximately 27 nm for an

Irradiating boron nitride only only gives rise to a single Raman peak at 1366 cm™! (using
a 514.5 nm laser), similar to the mode that gives rise to the G-peak for graphene[52]. Besides
having only a single peak signature, its intensity is also approximately 50 times lower than
that seen for graphene on silicon dioxide. The peaks intensity is proportional to the number

of layers for the first several layers[52]|, however, as the Raman signal intensity is highly
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dependent on e.g. focus, laser power and the surface it is detected on, the signal intensity
can in best case be used compare flakes next to each other on the same substrate. Often, both
due to the weak signal, due to the limited amount of information that can be obtained from
the single peak and as it cannot be distinguished from the graphene/graphite D-peak (should
both materials be present) other techniques such as X-ray Photoemission spectroscopy (which
is discussed later) are utilized instead for hBN samples.

In this work, Raman spectra have been obtained mostly directly on metal surfaces where
the optical contrast of graphene is much lower . Moreover, in oxidation experiments, oxidation
of a metal surface decouples the graphene vibration modes as well as increases the optical

contrast, both contributing to a stronger Raman signal[48].

3.4 Scanning Electron Microscopy

Using electromagnetic lenses to control and focus a beam of electrons in an high vacuum
environment and scanning the focused beam over a sample surface makes it possible to
visualize much smaller structures than possible with optical systems, that is limited by the
wavelength of the photons in the visible range. When the electrons interact with the sample,
they can either back-scatter or knock electrons off from sample atoms (secondary electrons).
The interaction depth and volume is dependent on the energy of the incoming electrons as
well as the density of the sample, thus the atomic number of the sample atoms (Z)[53]. The
back-scattered or secondary electrons are detected (and attracted using an electric field) com-
monly to an in-lens ring-shaped detector or to an Everhart-Thornley detector for secondary
electrons. The off-axis position of the latter will give a shadow-like effect of the images ob-
tained. As the back-scattered electron possess a much higher energy, and the travel distance
is strongly dependent on the energy, back-scattered electron gives information from much
deeper into the sample, but gives Z-contrast. Contrary, secondary electrons do not travel so
far, and gives more topographical information|54].

As graphene consists of carbon, which is a quite light element (Z = 6), and secondly is very
thin, secondary electrons are primarily used to image the coatings in this work. However, even
though secondary electrons gives more local information, as secondary electrons generated
deeper within the substrate do not escape, visualizing the topmost atomic layer is no trivial
task.

A number of electron microscopes were used, but most of the experiments were performed
in a FEI Quanta FEG 200 and a FEI Helios dual beam microscope.
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Figure 3.3: (a) Raman spectrum of multi-layer graphene on nickel. The most distinct peaks
are the G-peak, 2D-peak, indicating long range order, and the D-peak, indicating defects and
disorder in the graphene lattice. The low I(2D)/I(G) ratio indicate multiple graphene layers.
(b) Schematics of EDX of a chlorine atom, where the hole from a knocked out electron is
filled by an electron from a higher energy shell and the excess energy is released as an X-ray
photon that can be detected.
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3.4.1 Energy-dispersive X-ray Spectroscopy

When the electron beam knocks out electron from low-energy shells, such as the K-shell,
and at least one electron is present in a higher energy shell, this will eventually decay into
the lower energy state. The excess energy released from this mechanism can take the form
of an x-ray photon as can be seen on figure 3.3b. In Energy-Dispersive X-ray spectroscopy
(EDX) the radiation from the samples is monitored, and by resolving the photon energies,
unique pattern can be seen of the element detected. EDX makes it possible to locally (spot
size depends on the interaction volume) analyse sample composition. In contrast to XPS
(described below) EDX obtains much more local information laterally, however, the signal
will get information from much further into the bulk. EDX was useful for detecting oxygen

under multi-layer graphene films.

3.4.2 Focused Ion Beam Milling

Some scanning electron microscopes are dual beam systems. That is, besides the electron

column for imaging, an extra column for accelerating heavy ions towards the surface is built
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into the system. Typically, gallium is liquefied on a tungsten tip and accelerated towards the
sample. Depending on its energy, the ion beam can mill away atoms hit by the beam. lons
can be used for imaging, even though they will rapidly change the surface of the sample, but
condensing the beam creates a useful tool for cutting, milling and polishing.

To study cross-sections of samples in e.g. a transmission electron microscope, a lamella
must be cut out, as the microscope is not able to image samples thicker than a few hundred
nanometres (depending on the elements, optimal thickness to stability is typically around
100 nm)[55]. A lamella is prepared after finding a suitable spot on the sample surface. Using
a gas injection system with a needle that can be approached to within a few micrometer of
the sample, platinum is deposited with the help of the electron beam, and subsequently, when
an initial layer is formed, with the ion beam, further protecting the sample surface. Utilizing
the ion beam, trenches are milled on each side of the sample, which is then thinned down
to 1 — 2 pm and with a length of 20 — 40 yum. Afterwards one end is cut of and the sample
tilted such that the bottom part can be cut of. A micro manipulator is inserted and welded
onto the free end on the lamella again using platinum vapour. The ion beam is used to cut
loose the final part of the lamella, which is now only attached to the micro manipulator.
The unpolished lamella is transferred to a TEM sample grid, where it is welded onto one of
the cantilevers and the micro manipulator cut off. Lastly the sample is rotated so it can be
further polished with the ion beam, thinning it down to its final thickness. The procedure
can be seen on figure 3.4.

As the lamellae used here typically consist of nickel /multi-layer graphene/platinum, extra
careful polishing must be used. Should one side of the lamella be heated up to much, the

multi-layer graphene will delaminate, and the sample be rendered useless.

3.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) uses a high vacuum as the scanning electron mi-
croscopy (preferably even lower pressure), however, instead of detecting back-scattered (or
secondary electrons) a very thin sample is used, and transmitted electrons are detected. A
higher acceleration voltage is used and a CCD array detects the position of the transmit-
ted electrons instead of the scanning approach in the SEM (scanning transmission electron
microscopy (STEM) exists, but will not be treated here).

TEM can routinely obtain sub nm-resolution, and state of the art microscope can even

resolve sub Angstrom[56]. Contrast is mainly Z-dependent, as a denser structure will block
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Figure 3.4: FIB lamella cut-out procedure. First the sample surface is protected by platinum,
the lamella cut out and welded onto the micro-manipulator, and transferred to the TEM
sample grid. Lastly, the final polishing takes place thinning down the sample to approximately
100 nm in width. The lamella shown is a APCVD synthesised MLG on nickel. This particular
lamella is investigated on figure 4.4b

more electrons from passing through. Carbon, being only the sixth element in the periodic
table, has a low contrast, and will appear lighter on images where e.g. nickel and platinum is
also present. Moreover, the low contrast of carbon makes it very difficult to image individual
atoms. Rows/layers of graphene is, however, easier to detect.

A TEM usually uses a much higher acceleration voltage than used in a SEM. In the FEI
Technai T20 G2 microscope used for the experiments acceleration voltages up to 200 kV
can be used, however, high acceleration voltages might damage the samples. The theoretical
limit for knock-on damage of graphene sheets, where a carbon nucleus can be displaces by a
direct hit from the electron beam is 86 keV of kinetic electron energy, however, in non-perfect

graphene damage is also observed in the range of 60 — 80 keV[57].

3.6 X-ray Photo-emission Spectroscopy

In an UHV environment a sample is bombarded with X-rays. In the Thermo-Scientific Al K-
a XPS a spotsize of around 400 pm is typical. The X-ray photons interact with the electrons
of the sample, knocking some loose. While the X-rays can penetrate deep into the sample,
the photo-electrons can only escape from the top layers of the sample (few nm), without
undergoing energy loss processes such as interactions with electron from the sample.|58] Such

electrons will only contribute to the obtained spectrum background, while directly emitted
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electrons contribute to the spectrum. As the energy of the incoming X-ray photons is known,

the photo-electron kinetic energy can be described as

Ebinding = Liphoton — (Ekinetic + ¢)

where ¢ is the work function of the apparatus. The binding energies for the electrons gives
unique fingerprints for the elements present in and just beneath the sample surface. While
each element has its unique electron configuration and thus electron binding energies, hybrid-
ization and neighbouring atoms can affect these, making it possible, with a high-resolution
system, to distinguish between sp? and sp? hybridized carbon, as these have binding energies
of 284.3+0.1eV and 285.2 4+ 0.1 eV respectively[59]. Even in a lab-source XPS system, such
as the Thermo-Scientific Al K-a, some oxidation states are easily identified. For instance
copper, where metallic copper and copper(I)oxide 2p electrons have binding energies very
close to each other (932.6 eV and 932.5 eV), while copper(IT)oxide (933.7 V) and copper(II)
hydroxide (935.1 eV) can be distinguished easily|60)].

The different elements will have a different probability of interacting with an incoming
X-ray photon, and two evenly strong peaks can thus not be translated directly to an equal
amount of two elements. C.D. Wagner made a study of sensitivity factors used in XPS, where
for instance a 1:1 ratio of nitrogen and boron (as expected to be found in hexagonal boron
nitride) results in the nitrogen peak being between 3.1 and 3.7 times greater than the boron

peak, for boron and nitrogen bulk and surfaces respectively [61].

3.6.1 X-ray induced Auger Electron Spectroscopy

As with electron spectroscopy, when a core shell electron is knocked out, an electron from
a higher energy shell will decay into its place. The excess energy so released may escape as
a photon or as ejecting another (a third) electron from a higher level shell. This electron’s
energy will highly dependent of the energy deference between the originally knocked out
electron and the shell from which the electron that took its place came. This (third) electron
is called an Auger electron, and can be detected to give further information from a sample,
and is in some cases more sensitive than core level lines[62]. This process is called Auger
Electron Spectroscopy, and more specifically when the energy supplied to knock out the
original electron stems from an X-ray, the process is called X-ray induced Auger Electron
Spectroscopy (XAES).
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3.7 Electrochemical Characterisation

While the current state of a coating, with its composition and uptake of species, its perform-
ance can be evaluated by simply submerging the test sample in a relevant environment. This
can reveal if the coating is effective in certain environments, but is very time-consuming for
slow-corroding samples (or high-quality coating) and does not reveal how the coating works.

Electrochemical characterisation, on the other hand, can both be used to perform accel-
erated tests as well as give further information on the way the coating protects and at which
conditions it breaks down. In the following sections the main electrochemical methods used
throughout this work are described.

An electrochemical cell consists of a working electrode, which is the sample to be tested,
a counter electrode that supplies or received the electrons transferred in the electrochemical
process and lastly, and optionally, a reference electrode that does not draw a current and thus
maintain a constant potential regardless of the solution used. 3-electrode setups were used
for all experiments to get an accurate reference potential. Platinum counter electrodes and
silver/silver chloride reference electrodes were used with a Gamry Reference 3000 potentiostat

with or without an ECMS8 multiplexer for parallel experiments.

3.7.1 Open Circuit Potential

Before any other test, the chemical stability of the system (sample and environment) should
be tested. It may take a while before this new system has stabilised, which prerequisites
e.g. equalising the temperature and chemical equilibrium. By measuring the potential of the
working electrode (sample) against the reference electrode (with infinite resistance between
the two, creating an open circuit), this stability can be assessed. When the sample reaches
a steady state, the open circuit potential (OCP) will be a constant value. OCP is usually
plotted as potential vs time. Here a straight line (even with a slight slope) will be considered
stable, an unstable curve will include jumps (which in the case of stainless steel will be local
breakdowns of the passivating oxides) and lastly the OCP can be categorized as erratic when
the curve jumps several hundred mV in the scale of hours|63].

Firstly, this is important when other experiments are based on a small perturbation of
the OCP-value. If the OCP is not stable the results will be very inaccurate. Moreover, any
characteristics obtained subsequently using another test method, if the OCP is unstable, will

be hard or impossible associate to the test or the unstable OCP.
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3.7.2 Potentiodynamic Polarisation

Potentiodynamic polarisation is a technique where the potential of the sample is modified
with a constant rate and the response recorded by noting the current through the electrolyte
corresponding to the reaction rate of the sample surface. The potential is ramped from a
more negative potential towards a positive potential where oxidation and damage to the
surface can occur, e.g. Cu(s) — Cu®"(aq) +2e. At a low enough potential in an aqueous
solution, hydrogen evolution will occur through water splitting in neutral and alkaline media
2H,0(1) + 2e —— Hy(g) + 20H (aq). In acidic media hydronium ions will participate
instead and the reaction could look like H,O(1) + H;0" (aq) + 2e~ — H,(g) + H,O(1) +
OH™ (aq)[64]. The current will decrease until the minimum current is met at the sample
corrosion potential[65]. An increase will be seen at higher potentials, but may be decreased
again in the case of self-passivation (seen especially in stainless steels), which will render
the current constant even when increasing the potential. At some potential the passivation
will be overcome, and the current will increase|66]. Potentiodynamic scans are destructive,
and even though a careful and narrow potential interval may limit the damage done to the
sample, this characterisation method should be done last as any consecutive results will be
affected by the changes to the sample.

Potentiodynamic scans are usually plotted as the absolute value on a current log-scale. In
this way, the current minimum is easily seen alongside all other major features on the curve.
In the log-scale the two linear parts of the curve on either side of the corrosion potential can
be said to be the reaction rates of the cathodic and anodic parts of the corrosion respectively,
and the extrapolated intersection of these lines cross at the corrosion current, I....[8]. On
figure 3.5 the concept is illustrated. The corrosion rate of the sample can thus be found with

the knowledge of the sample material as

Ligr - K - EW
p-A

where K = 3372 mm/year is the corrosion rate constant, EW is the equivalent weight (29 g

CR = (3.1)

for nickel, 31.7 g for copper), p is the density (8.90 g/cm3 for nickel, 8.94 g/cm3 for copper)
and A is the sample areal8]. ..., is in some cases a current density, in which case A cancels

out.



CHAPTER 3. METHODS 27

u Cathodic
— branch
> |
©
'E’ L
9
(@]
a fF
Anodic
branch
| | | | |
10 107 10% 10° 10* 103

Current (A)

Figure 3.5: Generic polarisation scan with a log scale for the absolute current. The linear
parts of the anodic and the cathodic branches are extrapolated, and their intersections noted.
At this point the corrosion current, I.,.., and the corrosion potential, E.,,., can be found.

3.7.3 Electrochemical Impedance Spectroscopy

By using a small AC perturbation to the open circuit potential (few mV), and noting the
current response, the samples interaction with the media can be probed. The part of the
coatings being insulating or porous can be detected, as a insulating part will behave as a
capacitor, and a porous part will act as a resistor. More advanced elements such as Warburg
elements (describing diffusion) and Constant Phase Elements (leaky capacitor) are also used
a descriptors. Thus, the impedance curve can be fitted with a properly designed equivalent
electrical circuit model|67].

The data obtained form an EIS measurement can be plotted either as a Bode-plot, where
phase and impedance is plotted as a function of frequency, or as a Nyquist-plot, where the
imaginary part of the impedance is plotted as a function of the real part. A Bode-plot can
be seen on figure 3.6, where two models have been made; one for graphene on silicon dioxide
and one for graphene on copper. By setting up a model containing the electronic equivalents
of the coating systems seen on 3.6b and 3.6¢, functions can be fitted to the data to determine
parameters of the system and confirm the mechanisms at play. However, one need to be
careful only to apply models that have a strong physics interpretation, as infinitely complex

models can be fitted to nearly any data.

3.7.4 Quick Working Electrode

In a normal corrosion cell, the sample is mounted first, sealed with an o-ring and then the

electrolyte is added. For in-situ testing or in the case of a quickly stabilizing sample this is
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Figure 3.6: (a) Three EIS curves from three different samples. Two models are presented,
one for graphene on silicon dioxide (b) and one for graphene on copper (c¢). The solution
resistance, Rg, can be read of from the curve representing model (¢) as the impedance at
high frequency. Similarly the charge transfer resistance, R, can be found from the lowest
frequency (indicated by red arrows). Free from [8]

not practical, and thus the Quick Working Electrode (Quick WE) was invented|[68]. Here the
sample is mounted in a auto-contacting holder (that contacts either the front or the backside
of the sample) and simply lowered into the electrolyte the sample is to be tested in. The cell
design can be seen on figure 3.7a. The cell was fabricated from the polymers PEEK for the
rod and PTFE for the main parts of the cell.

The drawings and design of the working electrode holder has been licensed to Gamry
Instruments Inc., where it is now, in a slightly modified version, sold as “Flat Specimen
Holder”, and the commercial version can be seen on figure 3.7b. Gamry has changed the
lid-design and also the material choice, so the complete cell is now made of PEEK. Moreover,
they have extended the rod. The flyer for the Gamry-version of the invention can be seen in

appendix D.

3.8 Atlas Cells

Atlas cells were located at Accoat A/S and were mainly mounted by Susie-Ann Spiegelhauer
from Accoat A/S, however, experimental design and analysis of results were done in close

collaboration.
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Figure 3.7: Quick WE design rendering (a) . The end of the rod is kept out of the electrolyte
and allows the contact wire to be protected from the possibly harsh environment. (b) shows
the commercial version licensed to Gamry Instruments Reprint from Gamry.

For harsh or accelerated laboratory testing of coatings Atlas cells are widely used. Here a
sample is mounted vertically on a cell half filled with the electrolyte, thus covering half of the
sample. During testing the electrolyte is heated to its boiling point, exposing the lower half of
the sample to liquid face testing while the top of the sample is exposed to electrolyte vapour.
Moreover, the backside of the sample is exposed to ambient air, thus large temperature
gradient is applied across the sample. This can, when the coating is not tightly bound to
the surface of the sample, give rise to condensation and, thus in time, delamination of the
coating|[69]. An Atlas cell, both drawn schematically and an image of one of the actual cells
used in the project, can be seen on figure 3.8.

Samples are evaluated by optical inspection and compared with a reference, uncoated
sample. In the case of thicker coatings, bubbles and delamination can be observed for failed
coatings, while in the case of thinner or mere transparent coatings, corrosion of the underlying

metal will be observable.
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Figure 3.8: Atlas cell for half-submerged test. (a) Schematic illustration of an Atlas cell with
the samples mounted at each side and a liquid level covering half the sample surface. The
liquid is held at its boiling point using the hotplate. The system is a closed loop with a
condenser. (b) Image of one of the actual Atlas cells used.



Chapter 4
Synthesis

In this chapter the synthesis of two materials is covered. Firstly, synthesis by chemical
vapour deposition (CVD) of multi- and single-layered graphene in various systems, and later
CVD synthesis of hexagonal boron nitride using a tube furnace as well as a patent pending
radiation based method will be described.

Moreover, to have a controllable and consistent surface for coating of steel samples, elec-

troplating was used.

4.1 Synthesis of Multi-layered Graphene

Graphene synthesis using CVD depends highly on the catalytic properties of the substrate, as
carbon dissociation and formation of graphite without a catalyst requires temperatures in the
excess of 1500 °C[70]|. Besides the catalytic properties of a substrate, the carbon solubility
and diffusion rate is of great importance for the synthesis process. A high carbon solubility
allows for carbon diffusion into the substrate itself at the elevated synthesis temperatures, and
if the re-cooling of the substrate is sufficiently slow, the carbon will diffuse back towards the
surface and segregate. As the formation of graphene happens in the substrate-gas interface,
gaseous carbon diffusion from the gas phase to the catalyst surface will be reduced, as this can
mainly occur through defects and grain boundaries once the first layer is formed|71]. Also,
carbon atoms diffusing out of the bulk after formation of the first graphene layers will still
reach the surface of the substrate and thus consecutive graphene layers can be formed. To
form a multi-layered graphene (MLG) coating a catalytic active substrate with some carbon
solubility is preferred.

On of the most used metals for MLLG synthesis is nickel, and as nickel itself has good

31
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chemical resistance to many corrosive agents [7, 8, 72| and can be electroplated onto another
metal it was chosen as the main candidate for MLG synthesis. The thickness of a final
coating can to some degree be controlled. The carbon solubility in nickel is a function of
temperature|73|, but since the quality of the synthesized graphene is also a function of the
process temperature, one cannot be changed without also altering the other. The graphene
quality can be seen on figure 4.1a, where we have used the same synthesis process, just varying
the annealing and synthesis temperature. Simply lowering the temperature will result in a
more amorphous carbon layer. One way of changing the thickness of the graphene layers is by
changing, the amount of carbon in the reaction chamber. However, this not only requires a
high-vacuum environment (it only takes 77 ng-cm~2 to make a complete graphene layer), but
also a high control of the carbon distribution. Second-layer formation can start locally before
the first layer is completed. A third option is to drastically reduce the nickel thickness to such
a degree where the layer thickness limits the amount of carbon that can be segregated|74].
Alternatively, rapid cooling would hinder carbon to escape the nickel. As recently suggested
by Cabrero-Vilatela and coworkers|75], a thick catalyst, where it is possible to balance the
diffusion into the nickel with the carbon flow from the gas phase to the sample surface can
be used for single layer (SL) synthesis. As the first layer is formed, the amount of carbon
reaching the nickel surface from the gas phase will be limited by the first graphene layer, and
the diffusion rate into the nickel can become dominant hindering the surface supersaturation
required for graphene synthesis.

When the catalyst is not to be removed after synthesis, the amount of carbon in it can
have significance, as this will change the mechanical properties of the catalyst layer. Here a
reduced cooling rate can bring back some of the carbon from the bulk (and help distribute
the rest).

In this work a nickel catalyst was used for multilayered graphene coatings. The multilayer
graphene film itself might be thick compared to single layer coatings, but is still extremely
thin compared to conventional coatings [76]. A schematic illustration of a growth process

can be seen on figure 4.1b.

4.1.1 Plating of Samples

Several types of samples were used for synthesis of multi-layer graphene. In some experiments
pure nickel foils were used, however, few real-world applications concern protecting pure nickel
from corrosion/oxidation, and thus a strategy for protecting other metals was demonstrated.

Electroplating metal surfaces with nickel is a widely used process|78]. However, as the
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Figure 4.1: (a) Average Raman spectra (with standard-deviation as the line thickness) of
graphene synthesis on nickel using the same recipe, but varying the annealing and synthesis
temperatures. The I[(D)/I(G) can be seen to decrease with increasing temperatures. The
variations also becomes smaller and the shape of the 2D peak resembles that of AB-stacked
graphene for the synthesis at 950°C. (b) CVD-process schematics from [77]
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subsequent high temperatures used for graphene synthesis can affect the structure of the
substrate, it cannot be assumed that any thickness of electroplated nickel will be effective
as a blocking layer and elements from the underlying metal can diffuse to the surface and
affect graphene formation. Synthesis of graphene was attempted on 100 — 200 nm nickel thin
films on stainless steel, however, graphene formation was not observed. Moreover, thin nickel
catalysts have been shown to result in inhomogenities in the thickness of the graphene film
along with a higher number of defects as a result of smaller nickel grains|75].

To promote homogeneity, steel samples were glass blasted prior to electroplating. Pre-
cleaning consisted of 20 minutes of sonication in Triton X, which is a non-ionic surfactant
required due to clean-room regulations. Non-steel samples were first coated with a 10 nm
layer of pure nickel using electron-beam evaporation in a Wordentec commercial deposition
system, while steel samples were directly inserted in the electroplating setup.

A Technotrans microform 200 system with a 60 RPM rotating electrode setup was used for
uniformity of the deposition. The aqueous solution of nickel sulfamate, boric and sulfamic
acid was manually kept at a pH of approximately 3.8 and the temperature of the bath
regulated to 52 °C. Each plating process was initiated at a low current (0.1 A), preventing
huge locals current in case an oxide layer is blocking most of the surface. Likewise, in the case
of nickel thin films, commencing at full current would lead to heating up of the thin nickel

layer. After initial deposition the current could be ramped up to the maximum deposition
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current of 7.5 A for the 2”7 samples.

While electroplating nickel is a well understood and efficient way of coating samples,
electroless (EL) nickel plating has several advantages. EL plating results in better coverage
of corners, kinks and edges. Moreover, the electroless technique can be used on insulating
substrate, hugely increasing the range of materials that can be plated|79]. On figure 4.2a a
Raman spectrum of a steel sample plated with approximately 10 pm EL nickel can be seen.
The graphene was synthesised using a recipe that will be described later (APCVD-recipe in
the AS-ONE system). The results seems similar to the synthesis observed for nickel foils,
including the lack of a clear D-peak.

Besides providing a more flexible platform for graphene synthesis, EL nickel in itself also
has some properties desirable for a coating system; EL nickel is known to have excellent

abrasion protection along with a high resistance towards corrosion|72].

4.1.2 CVD-synthesis Recipes

The syntheses performed early in the project were perfomed in the home-built CVD-system,
but later the used recipe was transferred to the AS-ONE system. Representative examples
of synthesis from the two systems using the same recipe can be seen on figure 4.2b. The
spectra are somewhat similar, however, the D-peak of the synthesis in the AS-ONE system is
considerably smaller. This coheres well with the fact that a higher vacuum can be obtained.
Moreover, a failure rate of around 25% was observed for the home-built system (where a
very large D-peak could be seen). A “successful synthesis” can be seen in blue, where the
D-peak is still clearly apparent (D/G-intensity ratio of 0.17 +0.02), while it is more than an
order of magnitude lower in the AS-ONE synthesis (red) (D/G-intensity ratio 0.011 £ 0.005).
Besides the D-peak, the 2D-peak of the home-built system has a single broad peak, while the
AS-ONE has two peak-shapes (seen on the widening of the standard deviation on the left side
of the 2D peak. The main peak is shifted towards a slightly higher Raman frequency. This
indicates some turbostratic growth in the home-built system, while the 2D-peak of the AS-
ONE synthesis indicates areas of AB-stacking, and areas with some turbostratic stacking|80].
However, some stacking must occur in all spots, as a purely turbostratic graphene spectrum
resembles that of single layer, with a I(2D)/I(G) peak larger than unity[81].

The recipe used for most of the multi-layer graphene synthesis consists of the following

steps:

Low Pressure CVD recipe “ACS-stdGonNi”
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Figure 4.2: (a) Raman spectrum of graphene gown on electroless nickel coating on steel. (b)
Raman spectra of the most used recipe for multilayer growth “ACS _stdGonNi” performed in
both the home-built system (blue) and in AS-ONE (red). The spectra have been normalized
to the G-peak. The curve thickness represent the standard deviation.

1. Pre-cleaning of the substrate (using IPA and blow-drying in nitrogen).

2. Purging, emptying the reaction chamber by consecutive pumping and filling with pure

nitrogen. Repeated 3 times.
3. Heating of the substrate to the annealing/synthesis temperature of 850 °C.
4. 10 minutes of annealing under 100 sccm hydrogen flow with the pressure held at 5 mbar.

5. 10 minutes with a flow of hydrogen (24 sccm) and acetylene (12 scem) with the pressure
held at 5 mbar.

6. Cooling at a controlled rate (0.5 °C/s).

The temperature, pressure and flow of hydrogen and acetylene can be seen on figure 4.3a in
the home-built system and on figure 4.3b in the AS-ONE system. The recipe is generally
identical (except for the integrated flushing procedure in the AS-ONE), however, a much
more precise control of the parameters is apparent in the commercial system. Especially the
pressure is better kept constant, and the base pressure is lower. This may account for the
higher number of defects in the synthesized graphene from the home-built system as seen on
figure 4.2b.
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Figure 4.3: Actual growth process using the “ACS-stdGonNi” recipe in the home-built system
(a) and in the AS-ONE system (b). On (b) the flushing of the system before and after the
synthesis is integrated in the recipe, and account for the extra variations in pressure before
and after the synthesis itself. Generally a much more precise control of the parameters is
apparent in the AS-ONE system - especially regarding the pressure, where both the stability

and

base pressure is much improved.

While low-pressure CVD to some degree limits the number of layers by limiting the

partial pressure of carbon, atmospheric pressure CVD (AP-CVD) gives rise to an even thicker

coating. Modifying the recipe developed by Reina and coworkers|82], the following recipe was

developed

Atmospheric pressure CVD recipe “APCVD”

1.

Repeated 3 times.

Start of high argon flow (2000sccm).

Heating of the substrate to the annealing/synthesis temperature of 950 °C.

Keep the temperature and flow for 15 minutes annealing.

Pre-cleaning the substrate (using IPA and blow-drying in nitrogen).

. At 1 atm pressure, change flow to 120 sccm argon and 100 scem hydrogen.

. Purging; emptying the reaction chamber by consecutive pumping and filling with argon.

Change gas flow to 2sccm acetylene and 100 scem hydrogen during the synthesis (10

minutes - 30 minutes).



CHAPTER 4. SYNTHESIS 37

8. Pump down the system while cooling at a rate of 20 °C/s.

The gas exchange rate - the rate at which the volume of gas in the reaction chamber is
replaced - may be a better descriptor than the flow rate through the MFC’s to describe
a recipe than just a flow rate that does not include the systems geometry. However, the
flow ratios are important. As the volume of the reaction chamber in the AS-ONE system
is only 1 litre, the flow rates were regulated to smaller values than in the original recipe.
Moreover, in the original recipe, the acetylene to hydrogen ratio was kept at between 0.3%-
1.7%. 1In this modified version the acetylene to hydrogen ratio was kept at 2% for up to
6 times longer. By increasing the fraction of acetylene, the synthesis rate increases, and
the removal rate of less stable carbonaceous species by the hydrogen decreases[83|, highly
increasing the combined synthesis rate. Lastly, the recipe was modified using a controlled
cool-down rate, as this results in control of the rate at which carbon leaves the nickel bulk,
which had previously been found to affect the quality|84] as well as the thickness|85] of the
graphene film synthesized,.

On figure 4.4a the synthesized graphene is visualized using SEM. The wrinkles are easily
visible, stemming from the different thermal expansion coefficients of nickel (positive) and
graphene (negative)[86]. Cooling down from the high growth temperature (950 °C), nickel
will therefore contract and the graphene expand. To release the stress that builds up in
this process, graphene will form wrinkles. The wrinkles do, however, indicate some level of
graphene quality and flake size, as smaller non-coherent flakes might slide in under each other
instead due to the extremely low friction of graphene films|[87].

On figure 4.4b a TEM cross section of a synthesized film was made using a FIB technique.
Here the individual layers can be seen, and the thickness of the film is estimated to be in the
region of 100 nm or roughly 300 layers; a large increase from the original recipe from Reina
and coworkers, that in average led to approximately 10 layers|82]. The individual layers can
also be seen to be parallel to the nickel surface and they do not appear to cross each other,
thus no clear vertical channels can be seen. On figure 4.4c, two representative Raman spectra
can be seen, one from a region with more turbostratic graphene, and one from an AB-stacked
region|80]. The I(2D)/I(G) ratio indicates the multi-layer nature of the film, and the small
D-peak witnesses the high quality with a I(D)/I(G) ratio of 0.040 £ 0.010, even with the
increased acetylene to hydrogen ratio in the synthesis process. The shape of the 2D-peak,
with a shoulder at lower Raman shifts, indicate a high stacking ordering of the graphene
layers as is present in HOPG[46].
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Figure 4.4: The result of the APCVD recipe for graphene syntheses. (a) is a SEM image of
the surface of the coating where wrinkles can be seen stemming from the different thermal
expansion coefficient of the underlying nickel and the graphene. (b) is a TEM image of the
graphene film. Here the individual layers can be seen being parallel to the surface of the
nickel. (¢) is two representative Raman spectra, from a turbostratic region (red) and from
and AB-stacked region (blue), both indicating a very low number of defects.

4.2 Synthesis of Single-layer Graphene

This recipe was developed in collaboration with M.Sc. student Miriam Galbiati.

Opposed to the method used for synthesizing MLG, single layer graphene (SLG) is easily
formed on some catalytic substrates with low or no carbon solubility such as copper or
platinum. In this work, synthesis have been mainly performed using copper as a catalyst and
methane as the carbon precursor [17, 83, 88-90]. Using acetylene results in nucleation spots
of local MLG, and a much larger defect density.

1. Pre-cleaning of samples and flushing 3 times with argon.
2. Copper heated to 1035 °C in atmospheric pressure of argon (1000 sccm flow).
3. Annealing at this temperature for 10 minutes.

4. 900 sccm argon along with 2 scecm of methane and 60 scem of hydrogen for 15 minutes

synthesis.
5. Rapid cooling (power off) under 900 sccm argon and 60 scem hydrogen flow.

As with the multi-layer synthesis, the quality of the fabricated graphene depends on the

temperature. Copper melts at approximately 1083 °C at atmospheric pressure[91], and close
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to this temperature the vapour pressure will be high. Moreover, local temperatures may differ
from those measured by the pyrometer, which can lead to unwanted melting and evaporation.
To minimize these phenomena, an optimal balance was found at 1035 °C were the graphene
quality was high and copper evaporation was limited. The 1:30 ratio between methane and
hydrogen results in an aggressive removal of unwanted carbon allotropes|83].

Raman spectra obtained directly on the copper surface can be seen on figure 4.5a. The
spectra have a high noise level, as the response is limited when the graphene is coupled to
the un-oxidized copper. A small D-peak is just visible, which is described in further details
in section 3.3. The intensity ratio between the 2D-peak and the G-peak would on silicon
dioxide normally indicate multiple layers, but not directly on Cul47]. The FWHM of the
2D-peak of approximately 40 cm™! may indicate stretching or doping of the graphene[90].

4.3 Synthesis of Hexagonal Boron Nitride

Hexagonal boron nitride (hBN) can be synthesized in a similar way to graphene, but being
a diatomic structure requires either two precursors or a more complex precursor containing
both elements. In literature a common precursor is ammonia borane (BH;—NH;) [92, 93].
In this project, however, borazine molecules (B;HzN;) were used as a precursor. Borazine,
being a liquid at room temperature, was bubbled using argon. Moreover, prolonged storage
of borazine at room temperature can result in polymerization. Therefore a setup was con-
structed, where the borazine bubbling canister was stored in a freezer with inlaid gas-lines
inlet for argon and an outlet for bubbled borazine/argon.

Using the tube furnace, hBN was synthesised as described in the following recipe:

hBN tube furnace recipe
1. Pre-cleaning of samples and flushing of system 3 times with argon.
2. Copper samples were heated to 900 °C under vacuum.

3. 300sccm of argon was let into the system and the variable pump valve was adjusted to
~ 60 torr.

4. 15 minutes of synthesis with 5scem argon-bubbled borazine and 15scem hydrogen.

5. Cooling under argon flow.
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Figure 4.5: (a) Averaged Raman spectra where the line thickness is the standard deviation
obtained directly on the copper surface at 455 nm excitation wavelength (from 30 original
spectra). The graphene is single layer. The low I(2D)/I(G) ratio is due to wavelength and
substrate-dependence[47|. (b) XPS-spectra of synthesized hexagonal boron nitride on copper.
Inserts of Bls and N1s spectra. Ratio between N1s and Bls signal is approximately 3.7:1. As
the surface sensitivity of nitrogen 1s is 3.67 times higher than that of boron 1s, the B:N-ratio
is 1:1[61]

The 1:3 ratio of argon-bubbled borazine and hydrogen resulted in a 1:1 ratio between
boron and nitrogen, as revealed by XPS on figure 4.5b, while a continuous film could be ob-
served in SEM for synthesis of approximately 15 minutes. Decreasing the synthesis duration
to 5 minutes results in unconnected hBN flakes, while further increasing the duration beyond
15 minutes until 30 minutes did not result in detectable changes in the XPS signal nor from

the images obtained using SEM.

4.3.1 Pulsed hBN Synthesis

As borazine is an infrared-active molecule, the use of this in the infrared-radiatively heated
AS-ONE system results in immediate decomposition and subsequently deposition on all sur-
faces in the chamber, including the quartz-window. This in turn blackens, increasing its
absorption of the infrared radiation and ultimately heats it up with the risk of breakage, due
to large temperature gradient between its water-cooled sides and its actively heated centre.
To circumvent this problem an alternative strategy was utilised, wherein the synthesis was
divided into small steps consisting of vacuum-heating to a desired temperature, turning off

the lamps and waiting 1 second before injecting borazine. After a short duration the gas flow
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Figure 4.6: SEM images of hBN on copper foil after 3 (a), 6 (b) and 10 (¢) pulses. The hBN
film synthesis can be seen to be controllable.

was stopped and the system pumped down to reduce the amount of borazine present in the
chamber to a very small fraction of the normal synthesis pressure. This was repeated a num-
ber of times, and using this technique we were able to obtain a high control of the hexagonal
boron nitride synthesised, starting from single triangular flakes after 3 pulses, over connected
flakes after 6 pulses and finally a complete film after 10 pulses, as can be seen on figure 4.6.

Publication 7 describes this method and the patent application has been submitted|94].



Chapter 5
Single-Layer Coatings

This chapter will cover the testing of single layer coatings, both made of graphene and hBN,
focusing on oxidation protection is based on paper 4. This is mainly based on the manuscript,
where the work was done in close collaboration with my student, Miriam Galbiati. 1 have
supervised the work with Dr. Luca Camilli, designed many of the erperiments and either

done the practical work or been part of it and instructed M. Galbiati in how it should be done.

5.1 Oxidation Resistance of Single-layers Hexagonal Boron

Nitride and Graphene Barrier Coatings

In this section single layer graphene coatings are compared to similar systems based on
hexagonal boron nitride. Due to the widely different electronic properties of the two materials,
their protective behaviour is also remarkably different, even though both 2D materials have
similar barrier properties|95, 96|.

Single layer graphene barrier coatings have been widely described in literature|6, 7, 12,
16], and some attention has also fallen on hBNJ[31, 95, 97|, however, although graphene
research has progressed to a stage where centimetre sized single crystals can be synthesised
on copper[89], the same is not the case for hBN, where single crystals are much smaller[98].
The quality is also harder to asses with techniques such as Raman spectroscopy, as only a
single peak in the Raman spectrum arise with an intensity approximately 50 times smaller
than that of the G-peak in graphene|52|. The protective properties of high quality hBN
can nonetheless easily be demonstrated, as can be seen on figure 5.1a, where a shortened
tube furnace synthesis of 5 minutes produces individual flakes. By placing the 25 pm thick

copper foil, which was used for the synthesis, on a hotplate, the surrounding copper oxidises,

42
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(a)

Figure 5.1: (a) Image of a hBN grain after 5 minute of synthesis and subsequent oxidation on
a hotplate. The area under the grain appears darker and smoother, and exhibit visible step
edges, indicating the copper is unoxidised, while the surrounding region of the copper can
be seen to be oxidized. (b) Full coverage hBN after similar hotplate exposure. No signs of
copper oxidation can be seen. Wrinkles have formed due to the different thermal expansion
coefficients of the materials and can be seen due to a higher secondary electron yield from
the out-of-plane nature of the wirnkles.

however, the area under the hBN flake seems unaffected. Extending the synthesis time to 15
minutes or above results in full coverage, which can be seen on figure 5.1b for a 30 minute
process. The sample had been placed on a hotplate in a similar fashion, but no apparent
oxidation had taken place. Moreover, a clear wrinkle can be seen running through the SEM
micrograph, indicative of the thin film with a different thermal expansion coefficient from the
copper underneath. The presence of hBN was also confirmed with XPS from the 1:1 ratio of
nitrogen and boron.

Ambient air exposure of copper form the following three oxides: Cu,O, Cu(OH), and

CuO[99]. Cu,0 is the native oxide of copper, and is readily formed in the reaction
4 Cu(s) 4+ Oy(g) — 2 Cu,O(s) (5.1)
The copper in copper(I)oxide can be further oxidised in the reaction|[100, 101]

2 Cu,O(s) + Oy(g) — 4 CuO(s)
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Figure 5.2: Evolution of the Raman signal intensity of Cu,O, Cu(OH), and CuO on pristine
copper (Cu), graphene coated copper (G/Cu) and hexagonal boron nitride coated copper
(BN/Cu). The grey area indicates the region where the graphene film itself is oxidised,
exposing the copper surface. From publication 4

Moreover other compounds, such as copper(II)hydroxide (Cu(OH),) are expected to be
present in wet air oxidation[99].

In the following graphene and hBN coatings ability to reduce oxidation of copper samples
were compared. Tests were conducted in a commercial Linkam stage (LN600P), where atmo-
sphere and temperature could be controlled while the sample surface could be studied using
optical microscopy or Raman spectroscopy. Two sets of experiments were performed, one at
which the temperature was increased stepwise from room-temperature up to 400 °C, while
in the other experiment the temperature was kept constant at 50°C.

On figure 5.2 the presence of Cu,O (around 640 cm™[6, 102]), Cu(OH), (800 cm~![102])
and CuO (500 cm™![6, 31]) is monitored using a single spot directly on samples. Each tem-
perature was held for 5 minutes while collecting spectra and then rapidly increased to the next
temperature level. At around 150 °C the oxidation of the pristine copper is apparent, while
the signal from the graphene and hBN-coated samples only indicates mild oxidation. The
clear rate change of copper oxidation have been described previously at this temperature|[103].
At 300 °C the graphene coated sample is rapidly oxidised, while the hBN-coating remains
protective. The failure of the graphene coating becomes apparent on figure 5.3a, where the
part of the Raman spectrum indicating the graphene film is shown (full spectra on figure
5.3b). First the initial spectra at 25 °C is seen. In the next spectrum at 300 °C surface oxide
decouples graphene from the copper, enhancing the signal strength|48|, however, in the last
spectrum no graphene can be detected, at the exact same time as the rapid oxidation of the
copper begins.

An isothermal experiment was conducted to test the longevity of the coatings at milder
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Figure 5.3: (a) Cropped Raman spectra from the initial temperature (25 °C), from 300 °C,
where the graphene peaks are red-shifted and has increased in intensity[48] and lastly shortly
afterwards no graphene was detected. On (b) this point in time can be seen indicated by the
black arrow. At this point the low wave-number peaks rapidly form, indicating the built-up
of oxides. From publication 4.

conditions. In figure 5.4 samples similar to those tested with temperature steps are held
at 50 °C for 60 hours. As in the stepwise temperature test, the pristine copper is the first
to oxidise measurably. The graphene-coated sample seems well protected for the first 9
hours, after which both Cu,O and CuO is formed. Curiously, the hBN-coated sample only
experiences slight increase of all the oxide peaks through all 60 hours of testing.

On figure 5.5 XPS and XAES spectra of copper obtained from untested, variable temper-
ature experiments and from the isothermal experiments are displayed. As the 2psz/, peak of
Cu and Cu,O only differ by 0.1 eV they are indistinguishable with a lab-source XPS system
such as the one used and described in section 3.6.

The 2p3/, peak of pristine copper can be seen to have three components; one at 932.7 eV
corresponding to metallic copper and Cu,O, one at 934.0 eV corresponding to CuO and lastly
one at 935.1 eV indicating Cu(OH),[99]. However, both the graphene-coated and the hBN-
coated samples could be fitted by a single curve at 932.7 eV. By inspecting the more sensitive
XAES spectral62], more than one peak is apparent, but the metallic peak at 568.3 €V is the
clearly most dominant for the coated samples. The metallic peak is still evident for the
pristine copper, but a high contribution from other states, especially the peak at 570 eV, is
detected.

After the stepwise temperature experiment, all spectra looks quite alike, both for the
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Figure 5.4: Raman intensities for the peaks representing Cu,O, Cu(OH), and CuO in the
isothermal experiment held at 50 °C for 60 hours. The pristine copper is quickly oxidized, the

graphene-coated sample starts oxidizing after 9 hours, while the hBN-coated sample seems
largely protected for the duration of the experiment. From publication 4.

Stepwise Temperature Isothermal
Cu G/Cu BN/Cu | Cu G/Cu BN/Cu
Cu and Cu,O | 38 41 42 59 7 94
CuO 45 44 43 19 9 4
Cu(OH), 17 15 15 22 13 2

Table 5.1: Elemental analysis after the stepwise temperature ramp and isothermal exper-
iments. All values are in percent. The stepwise temperature experiment does not reveal
a large difference between the sample surfaces, however, in the isothermal experiment the
hBN-coating is only slightly oxidized, and the graphene coating still seems to protect the
surface to some degree compared with the pristine sample.

pristine copper sample and for the coated ones, with a high contribution from the oxide states
(935.1 eV and 934.0 V). This can be summarised in an elemental composition analysis, which
can be seen in table 5.1. This lack of a clear difference between the samples can be ascribed
to depth sensitivity of the technique used; XPS is only sensitive to the top few atomic layers,
while the laser in the Raman system easily penetrates the semiconducting copper oxide and
will get information from much further into the sample. More surprising is the absence of
boron and nitrogen signals from the XPS after the experiment. By stopping the experiment
at a lower temperature, we observed that the coating signal disappears at a temperature
around 350 °C. On figure 5.6a XPS-spectra of boron and nitrogen on samples where the
experiment was stopped at 300 °C, 350 °C and 400 °C is shown.

Returning to figure 5.5, the isothermal experiment reveals a different story. From the core
level Cu2ps/s spectra, the pristine copper is clearly more oxidised than before the experiment,

while the graphene coated is clearly less oxidised than the copper with the 932.7 eV peak
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Figure 5.5: XPS (left) and XAES (right) spectra of untested samples, stepwise temperature
tested samples and samples subjected to isothermal conditions for 60 hours. The small shift
of all the peaks observed for the stepwise temperature experiment may be due to a slight
charging of the surface, which in turn may witness the thicker oxide layer. From publication

/.
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Figure 5.6: (a) XPS-spectra of Bls and N1s obtained at 300 °C, 350 °C and 400 °C. While
clear signatures of boron and nitrogen from the hBN-coating is seen at 300 °C, only a weak
signal is seen at 350°C, and no clear signal is detected at 400 °C. (b) Graphene coating on
copper annealed in air on hotplate to start oxidation through grain boundaries, making the
graphene domain size visible. From publication 4.

being dominant. The hBN coated sample can barely be seen to be oxidised. Proceeding to
the Auger spectra, a similar story can be told. Here, however, the pristine and the graphene-
coated samples appear similarly oxidised, while only the hBN-coated sample has a clearly
dominant metallic peak. The quantification of the results have been added to table 5.1.

In both the stepwise temperature experiment and the isothermal experiment the graphene-
coating appears to be a more efficient barrier than the hBN-coating in the short term, showing
less increase in the Raman signal of all oxide peaks. In both cases the trend reverses fur-
ther into the experiment (250 °C and after approximately 9 hours respectively). This can
be ascribed to the quality of the coatings; the average size of domains in the synthesized
graphene was estimated to be approximately 20 pm, whereas the domain size of the hBN
film is only a few pm. This is apparent from figure 5.6b, where the domain size is also vis-
ible by the oxidation initiated from the domain boundaries. The hBN has smaller domains,
thus a larger boundary density and therefore initially a higher degree of oxidation will occur.
However, in both coatings the build up of oxide will expand the crevices, and in the case
of the graphene coating the galvanic coupling can take over, accelerating the corrosion (see

section 2.5)[15]. On the other hand, hBN is not conducting, and will continue to protect
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most of the surface.

Some of the largest synthesised single grains of graphene is in the order of millimetres|89],
which in turn would significantly extend the protection offered from the coating. Larger
hBN grains have been shown, but they are still orders of magnitude smaller than the ones
presented of graphene. However, this does not remove the inherent issues of graphene, and
such a coating will eventually fail, while the hBN coating will continue to protect the surface.
Even if it should de-laminate or be damaged (as was seen after the stepwise temperature
experiment at around 350 °C) it will not increase the corrosion rate.

Comparing the Raman data from the stepwise temperature experiment with the XPS-data
obtained afterwards, a discrepancy can be observed; in the Raman a clear increase of both
the cuprous oxide (Cu,O) and the cupric oxide (CuO) is observed, while the XPS spectra
mainly indicate much more cupric oxide. This can again be ascribed to the penetration depth
of the instruments, where the XPS only probes the top atomic layers, while the Raman get
information further within the sample (see corresponding sections in chapter 3). This could
indicate that the topmost layers are further oxidised than those further into the sample,
which is as expected[104].

In conclusion, the graphene-coating acted as a better barrier for oxidation protection in
the short term at lower temperature, which was attributed to the inherently better quality
of the film synthesised. However, at longer durations or at elevated temperatures (above
250 °C), no advantage was found using a graphene coating. The hBN-coating, on the other
hand, offered significant protection at temperatures up to at least 300 °C and during longer
tests. This is somewhat lower than the 750 °C measured by Li et al.[28]|, however, these
measurement, were exfoliated hBN on silicon dioxide. The quality of the produced film may
have a large influence on the oxidation temperature, and moreover, the copper surface may

also, as was the case with graphene, influence the stability of the thin hBN film.



Chapter 6
Multi-Layer Coatings

This chapter will cover corrosion testing of multi-layer (ML) graphene coatings. The following
sections will cover the performance of the ML coatings in different media. Graphene-coated
nickel electroplated on steel is tested in simulated seawater, which is one of the most common
corrosion agents with a neutral pH. This is based on publication 1. The next section will
cover graphene-coatings used in strong acidic media, where the impermeability of the coating
gives rise to new challenges based on publication 2.

All the work in article 1 was performed by me, only with discussional input, and with
the help from Accoat A/S with the Atlas cell test. In article 2 I contributed with discussion,
writing, the graphene synthesis recipe, electron microscopy exrperiment and generally helped
with characterization etc.. In publication 8 I mainly contributed with discussing ideas and

with understanding the mechanisms at play.

6.1 Seawater - a pH Neutral Electrolyte

In article 1]76] we used type 304 stainless steel discs with a 2” diameter throughout the experi-
ments. Electroplating was used to pre-coat the samples with nickel, and the “ACS _stdGonNi”
recipe was used with the home-built CVD system described in section 3.1.1. The synthes-
ized coatings had a moderate number of defects as seen from the Raman spectrum on figure
4.2b, indicated by the D/G peak intensity ratio of 0.19 £ 0.07. The 2D /G intensity ratio of
0.26 £ 0.01 is a result of the multiple layers of graphene[45]. Micro-Raman mapping resulted
in almost identical spectra across the surface. A local map of the 2D /G intensity ratio reveal
no large variation locally either as shown on figure 6.1a.

Using FIB milling a trench was cut in a sample, polished and subsequently studied using

20
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Figure 6.1: (a) 2D/G intensity ratio map of part of the sample surface reveals that the
coating is multi-layered in all inspected points and has little variation. (b) After using FIB
milling to cut a trench in the sample, the coating thickness could be assess from SEM to be
between 25 nm and 40 nm, corresponding to approximately 75-120 graphene layers.|76]

SEM. Here a rough estimate for the graphene coating thickness could be made. As can be
seen on figure 6.1b, the thickness ranges roughly between 25 nm and 40 nm, corresponding
to 75-120 layers. No unprotected areas were found using Raman spectroscopy, optical and
SEM inspection.

Samples were tested in Atlas cells as described in section 3.8. Here coated and uncoated
samples were tested pairwise in the same cell, to keep experimental conditions identical. A
set of samples can be seen on figure 6.2. The graphene-coated sample can be seen to have
areas that optically appear darker as seen on figure 6.1a.. These areas did, however, not
result in variations in the Raman spectrum.

After 3 weeks where samples were halfway submerged in boiling simulated seawater
(3.5 wt% NaCl), visible damage could be observed on the uncoated samples. The liquid-
gas interface level is clearly visible, with significant colour changes in the gas phase, mostly
towards green (corresponds to nickel(IT)oxide or nickel(IT)hydroxide), which could be due to
the larger availability of oxygen. Moreover, some damage near the edge of the samples both
in the gas and in the liquid phase can be seen.

After the tests, the graphene-coated samples were characterised using Raman spectro-
scopy. On figure 6.3a the averaged Raman spectra before and after the 3 week test are shown

next to each other with the linewidth indicating the standard deviation. Here it is apparent
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Figure 6.2: 2 inch steel samples with a layer of electroplated nickel (a) and with a multi-layer

graphene coating (b). In (a) and (b) the pristine samples can be seen, while on (c¢) and (d)
the samples after 3 week in boiling simulated seawater are shown|76].
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Figure 6.3: (a) Averaged Raman spectra of a sample before (red) and after (blue) 3 weeks of
submersion into simulated seawater. The standard deviation is plotted as the width of the
curves. The spectra are nearly identical[76]. (b) EDS-spectrum of a nickel coated sample
after 3 weeks in an Atlas cell. Oxygen is clearly visible along with the nickel. (c¢) EDS-
spectrum of the graphene and nickel coated sample after three weeks in the Atlas cell. Here
oxygen is only present in very limited quantities. Both EDS-spectra were obtained with
15 kV acceleration voltage.

the the graphene coating is still intact. The D- to G-peak intensity ratio before the test was
found to be 0.19 £ 0.07 while it was found to be 0.16 £ 0.04 after the test, thus unchanged
within the measurement uncertainty.

As described previously, XPS is extremely surface sensitive, and thus not suited for prob-
ing through such a thick graphene coating, so EDS was utilized instead. On figure 6.3b the
uncoated sample can be seen. Besides the relatively thick nickel layer, which obscures any
signal from the steel underneath, an oxygen peak is clearly visible along with some carbon.

Due to the large penetration depth of the 15 keV incident electron beam, information from
the graphene-nickel interface is available, and an EDS-spectrum obtained from the graphene
coated sample can be seen on figure 6.3c. Here no clear oxygen peak can be seen.

Polarisation scans can be used to assess a corrosion rate of a system, however, as it is
a destructive characterisation technique, it should normally not be used consecutive times.
However, consecutive polarisation scans can be used as an extreme way of subjecting a can-
didate coating to corrosive stress, and can therefore be used as an alternative way of obtaining
an indication of the corrosion resistance from a highly passivating coating. According to Pu
et al.[105], it may even be used to simulate long-term tests. Besides the nickel coated (Ni/SS)
and nickel coated sample with graphene grown on it (G/Ni/SS) the bare stainless steel disc
was tested (SS). The data for G/Ni/SS produced by Pu et al. are also plotted for reference.

The testing of the samples were done using a platinum counter electrode, a silver /silver-

chloride reference electrode, the Quick WE holder for the test samples (described in section
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3.7.4) and the simulated seawater as electrolyte. 20 consecutive series consisting of OCP for
stabilisation and a polarisation scan were conducted. On figure 6.4a and b the 1% and the 20"
scan can be seen. The passivation layer formed on the stainless steel is clear in the first scan;
its formation is marked by the red arrow and its breakdown by the blue arrow. However, after
20 scans a clear passivating layer is no longer formed while the corrosion current has increased
and the corrosion potential decreased. It is also clear that the graphene produced by Pu et
al. performs better than the graphene produced here, with a lower corrosion current. This
can be explained by defects in our graphene film, as ions, such as Cl™ present in seawater,
can diffuse through defects such as grain boundaries and cracks|[16]. It should also be noted
that the Ni/SS sample performed quite well, and indeed similarly to the graphene coated
sample from Ref. 105.

After 20 scans the SS sample could be seen to be highly corroded, and the corrosion
potential down-shifted by 166 mV attributed to the breakdown of the passivating metal
oxide film. The Ni/SS and the G/Ni/SS from Ref. 105 performs very similarly, while the
G/Ni/SS sample has a slightly higher corrosion current. However, the line shape did not
change during the 20 scans, indicating a far better stability than that of the SS.

Figure 6.4c and d depict the I(D)/I(G) ratio of an area of the G/Ni/SS sample before
and after 20 scans respectively. No quantitative difference can be seen before (I(D)/I(G) of
0.16 £0.01) and after (0.17 4+ 0.02) the scans. As the I(D)/I(QG) ratio is an indication on the
density of lattice defects, this suggests that the graphene film is not damaged by the tests.

However, this method cannot definitively distinguish between the performance of the
nickel and the graphene coating on top of it, and thus the method of accelerating corrosion
with polarisation techniques should therefore not be used instead of a real long term test.

It was shown that graphene on nickel on stainless steel can protect a metal surface con-
siderably better than a pure nickel coating in a heated seawater environment. Even defected
graphene (as was seen from Raman spectroscopy and performance comparison with Ref.
[105]) can effectively protect a surface in a wet environment. It can be argued that the re-
duction in corrosion current could be due to the increased diffusion length of non-overlapping
defects, where the diffusion between the layers considerably increased the total diffusion path,
and thus by limiting diffusion reduce the transport of corrosive species. This is in contrast
to the mechanism in single layer graphene where a small defect may lead to a large diffusion,
as the path length is extremely small and thus the hydraulic resistance similarly small[106].
A schematic illustration can be seen on figure 6.5.

It was also seen that the contribution of the nickel seed layer cannot be neglected in

polarisation experiments when protecting stainless steel.
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Figure 6.4: 1%¢ (a) and 20" (b) polarisation scan of a stainless steel sample (SS), nickel
coated stainless steel sample (Ni/SS), nickel coated stainless steel sample with graphene
synthesised on top (G/Ni/SS) and a similar sample from [105]. Spatial Raman map of the
D/G intensity ratio can be seen on (c) before testing, and on (d) after testing, revealing the
defect distribution|76].
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Figure 6.5: Rendering of single layer graphene protecting a surface. Vacancy defects can
result in species penetrating the coating. On the right a similar system with ML graphene
film protecting the surface can be seen. Unless the defects in the different layers are perfectly
aligned, the total diffusion pathway can be dramatically increased in multi-layer graphene
films, even in case of a high defect density[76].

6.2 Acidic Media

While protection against seawater and other pH neutral environments is highly important,
an impermeable coating could possibly also be used in acidic media where fewer alternatives
exist. This section describes the work described in publication 2, where multilayer graphene
coatings were tested in strong acidic environments.

Samples were prepared using the “APCVD” recipe (described in section 4.1.2) on 25 pm
thick nickel foils (from Alfa Aesar) as shown on figure 4.4. Using a 3 electrode setup, a
polarisation scan of the sample was performed in a 0.5 M HCI solution (pH = 0.3) as can
be seen on figure 6.6a. A slight lowering of the corrosion potential was observed (25 mV),
however, the reduction of the corrosion current compared with the uncoated nickel sample
indicated an improvement of the protection provided (Lo ni = 21 pA/ cm? and LeorrMLG =
9 pA/ch). Using equation 3.1, this translates to corrosion rates of CRy; = 226 pm/year and
CRumLg = 97 nm/year. Similarly, EIS-measurements of the graphene coated samples only
displayed a 1.7 times improvement of the charge transfer resistance over the uncoated ones.
A small improvement taking the quality and thickness of the graphene film into account.
On figure 6.6b the rapid bubble formation in the most negative part of the polarisation scan
can be seen through the side of a glass beaker. Hydrogen bubbles are formed at negative

potentials[107] through the reduction reaction

2H,0"(aq) +2e~ — Hy(g) + 2H,0(aq) (6.1)
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To investigate whether the bubbles were formed on the surface of the coating, in between
coating layers or in the interface between the coating and the substrate, SEM was performed
after the potentiodynamic scan, and the obtained results are visible on figure 6.6¢. Here part
of the MLG film is clearly delaminated. The orientation of the edges of the delaminated area
are bended outwards indicating an burst-like delamination stemming form the interface. The
insert shows a close up of the edge of this area, where the torn MLG film can be seen.

Applying a constant potential of —0.6 V for 3 minutes before inserting a sample into
the SEM reveals the initiation of bubble formation. On figure 6.6d two bubbles can be seen
under the graphene film. The wrinkles in the film are unfolded near the centre of the bubbles.
Moreover, it should be noted that the bubbles are not emptied by the vacuum of the SEM,
and the graphene film seems hydrogen tight, which could indicate a behaviour similar to the
one observed by Bunch et al. for single layer membranes|[12]. Keeping the —0.6 V potential
for longer results in continuous bubble formation and eventually rupture of the film. To
confirm that no graphene was left in these areas, and bubbles did not form between the
layers, Raman spectroscopy was employed. No graphene related peaks were detected in the
areas where bubbles had burst.

To further investigate the bubble formation, droplets of HCI were placed on MLG-coated
samples under an optical microscope. After 2 hours the bubbles can reach sizes of up to ap-
proximately 100 pm in diameter, as can be seen on figure 6.7. At the perimeter of the bubbles
radial lines show a buckling pattern the resembles trapped gas under a membrane[109].

In figure 6.7b, the HCI droplet has been removed and the dried area underneath is in-
vestigated. Here some folded regions appear that were not present prior to introducing the
hydrochloric acid droplet, two of which have been marked using red circles.These could be
burst hydrogen bubbles. Other, smaller bubbles may still be inflated. On figure 6.7c, an area
outside where the HCI droplet was placed is investigated. Here circular areas have undergone
a clear colour change. The colours observed could be due to nickel oxidation. However, this is
not normally observed for nickel in contact with air, and is not seen on neither MLG-coated
samples in air or uncoated samples introduced to a droplet of HCI.

To further investigate bubble formation another experiment was conducted. Here a
droplet of 0.5 M HCI was placed on a sample and then immediately removed with a tis-
sue. Without any blow-drying or further cleaning, the sample was loaded directly into a
FEI Helios SEM. In this way, bubble formation could be monitored, as the bubbles had
not formed before the experiment started. As this effect is not observed only inserting a
graphene-coated nickel foil into the SEM, the bubble formation was ascribed to the HCI left

on the sample surface. Curiously, bubble formation only occurred during irradiation of the
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Figure 6.6: (a) Potentiodynamic scan from —300 mV to 300 mV vs OCP of the uncoated
nickel sample and a MLG coated sample. The corrosion potential of —290 mV for bare nickel
and —315 mV for MLG-coated nickel can be read of the graph. Scan rate: 0.5 mV/s. (b)
Image of ML.G-coated nickel foil during potentiodynamic scan. Here hydrogen bubble forma-
tion is apparent. (¢) SEM micrograph of MLG-coating on nickel foil after a potentiodynamic
scan. Here a piece of the graphene coating has been delaminated from the nickel surface. The
sides of the delaminated area are bent outwards, which suggest that the rupture was caused
by an overpressure bubble underneath the coating. Insert makes the delamination clear. (d)
SEM micrograph of two bubbles not yet burst after 3 minutes of —0.6 V vs Ag/AgCl counter
electrode[108|.
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Figure 6.7: (a) Time evolution of bubble formation at zero potential under an optical mi-
croscope. The images where acquired through the bubble and they all share the same scale
bar of 100 pm. After removing the droplets higher quality images could be obtained and
(b) shows an area where bubbles had evolved (two residues after such bubbles marked in
red). (c) shows an area away from the bubble on the same sample. Here the colour changes
indicate oxidation of the nickel surface[108].
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electron beam, as can be seen on figure 6.8. There are 2.5 s between each frame shown here.
First an area with no apparent bubbles can be seen. Increasing the magnification, and thus
concentrating the electron beam in a smaller area, resulted in bubble formation, which was
easily observed by subsequently decreasing the magnification again. The last four frames
are held at the same magnification, and further bubbles can be seen to be formed. It is
noteworthy to remark, that the bubbles did not seem to deflate again, which indicates that
the bubbles remain stable, despite the comparably shorter time of inflation. This shows that
the question of permeability is not a simple one to answer.

Outside the SEM, bubbles could reach a size easily visible with the naked eye (during
several hours exposure to acid). Bursting such a bubble resulted in no visible substance
escaping the bubble, which support the hypothesis that the bubbles are filled with hydrogen.

As the experiment in the SEM was conducted in vacuum (107° mbar-range), the risk
that contaminants other than those introduced on purpose affects the experiment is very
limited. The bubble formation is sped up dramatically by the electron beam exposure, to
a rate that cannot be explained by transport of species not already present locally on the
surface. The atmosphere inside the microscope consists nearly exclusively of nitrogen, which
does not easily dissociate at room temperature. A one-way transport of nitrogen in through
the graphene membrane seems highly unlikely, as the pressure generated by the adhesion of
the graphene membrane works to empty the bubble, not fill it. This leaved hydrogen gas as
the prime candidate for bubble formation.

The triggering by electron irradiation is itself puzzling. One possible explanation could
be that local heating by the electron beam could accelerate water diffusion through de-
fect channels in the graphene coating. As 0.5 M HCI has a pH of 0.3, a large amount of
aqueous protons would be present in the water. Reaching the surface of the nickel, hydro-
gen evolution would take place, increasing the pH locally. Diffusion would call for further
aqueous protons, which could be transported via a Grotthuss mechanism|[110]. The process
is schematically illustrated on figure 6.9, where an initial defect channel filled with water is
illustrated. As more protons combine with electrons at the nickel-surface, more hydrogen
is evolved, eventually resulting in delamination of the graphene film. The hydrogen evol-
ution reaction (equation 6.1) requires excess electrons. These are easily available from the
electron beam bombardment in the SEM, further accelerating the reaction. However, in the
experiment with a droplet of HCI under the optical microscope, the sample is an electrically
isolated system. This explains the area outside the bubble where the not normally occurring
oxidation of the nickel surface can be seen (figure 6.7). This effect was not observed using

just nickel foil. Here the conducting nature of graphene might be at play, both acting as a
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Figure 6.8: SEM-inflation of bubbles in the graphene-nickel interface. Nickel is inserted into
the FEI Helios SEM with tiny amount of HCl. A zoom in concentrates the electron beam,
accelerating bubble formation. Time between each micrograph is 2.5 s.
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Figure 6.9: Schematic illustration of the process of bubble formation. The aqueous protons
can be transported, for instance via a Grotthuss mechanism, through defects in the graphene
coating and reach the metal surface. Here hydrogen evolution is favourable to take place
at the low pH and hydrogen can built up in the interface, delaminating the graphene. The
hydrogen escape rate is lower than the evolution rate, as channels from the interface are
blocked by water molecules.

local cathode, withdrawing electrons from the nickel, but furthermore as a good conductor,
easily transporting electrons from the oxidised parts to the site of the hydrogen evolution.

To further confirm that it is hydrogen that is evolved by the reduction reaction described
in equation 6.1 even at no applied potential, and that the chlorine is not involved in the
process, other experiments were conducted. Droplets of H,SO, and HNO, were also tested.
As shown in figure 6.10, even though the shape and formation speed of the bubbles are not
identical, all three 0.5 M acids resulted in bubble formation on nickel foils, which is to be
expected from the Pourbaix diagram of nickel[111].

It was seen that even high quality multi-layer graphene may fail as a viable coating
on nickel surfaces in strong acidic environments, as protons can pass through, commence
hydrogen evolution and efficiently delaminate the graphene film. This is not solely a problem
for nickel, but for a whole range of metals, where spontaneous hydrogen evolution will occur
at low pH values[112|. This includes all the metals with negative standard potential. The

graphene coating might even hinder formation of a passivating layer, so metals such as Cr



CHAPTER 6. MULTI-LAYER COATINGS 63

Figure 6.10: MLG coated nickel film using the APCVD recipe after 4 hours exposure to (left)
0.5M hydrochloric acid, (middle) 0.5M sulphuric acid and (right) 0.5 M nitric acid. All three
acids gave rise to bubble formation in the graphene/nickel interface.[108]

can also give rise to hydrogen evolution at the interface. Other common susceptible metals
include Fe, Mg, Al and Ti[112].

However, later Zhou et al. published a theoretical study, wherein they explain that the
confined space under the graphene coating on nickel surfaces enhances the hydrogen evolution
rate, making nickel as effective a catalyst as platinum [113]. The problem of hydrogen
evolution delaminating the coating should therefore be most pronounced on nickel. However,
as first mentioned in Ref. 108 and later in Ref. 113 this might instead lead to faster and
cheaper hydrogen evolution reactions.

As an alternative to simply using MLG coatings, other materials can be included to
create a composite. One concept includes transferring graphene on polymers, making a
sandwich structure where high quality graphene aligned parallel to the surface and separated
by polymers protect the surface. A patent application have been submitted, but the data is

not presented in this thesis (publication 8).



Chapter 7
Conclusion and Perspectives

This chapter will conclude on the work conducted with graphene, single and multi-layered,
and hBN coatings, and try to give perspectives on how the society can benefit from this
knowledge. Here the possible uses of the different coating technologies based on 2D materials
will be discussed, and moreover, other uses of the technologies developed will be given as
well.

This thesis has presented the main results of the PhD-project about “Protective coatings
based on 2D-materials”. Here the key goal was to fabricate and utilize 2D-materials for
protective purposes in a scalable way. More specifically, how to circumvent the galvanic
coupling arisen by combining graphene and most metals. Testing of such systems were to
take place in saline and even harsher environments. Moreover, a comparison of graphene and
another 2D-material, hexagonal boron nitride, was done for oxidation protection.

In chapter 2 fundamental properties of especially graphene, and also hexagonal boron
nitride, was given.

In chapter 3 the experimental setups used for the synthesis of graphene were described.
Here the special properties of these systems were given, and the importance of having a con-
trolled atmosphere was shown. Also, the main characterisation techniques used throughout
the thesis were described, including, where applicable, the specifics necessary to understand
the 2D-materials investigated. The Quick Working Electrode invention led to a patent which
was subsequently commercialised (publication 6).

In chapter 4 the actual synthesis of primarily graphene, single and multilayered, but also
hexagonal boron nitride was described. One of these methods, the synthesis of hexagonal
boron nitride from an infrared active precursor molecule in a rapid thermal chemical vapour

deposition system, was presented and the intellectual property protected (publication 7).

64
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In chapter 5 single layer coatings of both graphene and hexagonal boron nitride were
synthesized on a copper surface to compare the oxidative barrier properties. The evolution
of copper oxides was monitored live using Raman spectroscopy, and the graphene layers were
found to offer a better protection in the short term, which was explained by the larger grain
size. In the long term, however, no improvement using the graphene film was seen compared
to the unprotected copper. Hexagonal boron nitride films, on the other hand, showed a
stable protection even at longer duration. The hexagonal boron nitride also outperformed
the graphene at higher temperatures. A manuscript based on this work is under review in
Scientific Reports (publication /).

In chapter 6 multi-layer graphene coatings were tested. First, such coatings were syn-
thesised on nickel-electroplated steel for protection against saline environment. The Atlas
cell is a harsh, accelerated corrosion test, which despite Nickels already excellent corrosion
resistant properties, induces extensive damage to the surface of unprotected nickel films.
The long term stability was explained by a low diffusion rate. Diffusion through multiple
partially damaged layers, where the diffusion length is increased by the damage/perforations
to occur in a non-overlapping manner was deemed to be rate limiting. These finding were
published in Journal of Power Sources (publication 1). A similar multilayer graphene coating
with a lower amount of visible as well as intrinsic defects, was tested in strong acidic media.
The gas-tight coating did not allow hydrogen to escape, resulting in blisters, bubbles and
eventually delamination of the graphene. It was inferred that protons reaching the nickel
surface under the coating combined with electrons and evolved hydrogen. This was found
as a major weakness of such graphene coatings, however, this attribute might be utilized for
hydrogen gas production. These findings were published in RCS Advances in publication 2.
Another patent application was submitted based on stacking of polymer and graphene layers
for a galvanic-decoupled diffusion barrier coating in publication 8.

The results of this PhD-project have confirmed the pitfalls of using single layer graphene
coatings, but have shown a viable route for multi-layers coatings, where diffusion limitations
outbalance the galvanic coupling that may arise between the noble graphene and the less
noble metals. It is, however, important to take into account the media in which the coatings
are to be used, as strong acidic media was found to give rise to hydrogen bubbles in the metal
(nickel) /graphene interface. The tightness of the coating was here found to be a surprising
potential disadvantage, as the gas built-up will eventually delaminate the coating. However,
this type of behaviour might be relevant for hydrogen production, in that element separation
takes place without external potentials.

Hexagonal boron nitride has been demonstrated not to have the pitfalls of single layer
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graphene, in both short- and long-term tests for oxidation protection. Graphene films syn-
thesised in this project are based on the common and in-expensive precursors methane and
acetylene, while the hexagonal boron nitride films are based on the much more expensive
borazine molecules. Even though only tiny amounts of precursor gas is used for the single
layer coatings, it must be taken into account when choosing a coating technology for a specific
application. However, a whole range of 2D-materials exists, whereof some may have similar
barrier properties but be less expensive to produce. The huge attention on such materials
may lead to the discovery of another 2D-material as a coating candidate.

An issue that should be further addressed is the synthesis temperature. The defect density
of graphene coatings were clearly seen to be related to the temperature. This might not be
an issues for metals such as nickel, but alloys such as steel may change their properties at
a much lower threshold temperature. Coatings directly synthesised on a surface is so far
limited to substrates that can withstand high temperatures. However, we have preliminary
results from a collaboration with the University of Aarhus, using a more complex precursor
molecule, revealing a promising route for low temperature direct synthesis of coatings.

Instead of choosing a graphene coating, that is conductive but gives rise to galvanic
couples, or a hBN coating, that is insulating, a hybrid can be synthesised. The similar lattice
parameters of the two materials allows for in-plane hetero-structures, where properties can
be tailored. An in-plane system of graphene quantum dots in hexagonal boron nitride or
BCN (a boron nitride/graphene hybrid), could be synthesized directly on a surface. In this
way one could imagine not only applying a coating for protective purposes, but one that at
the same time was made e.g. photo-luminescent.

We have synthesised such a system under UHV-conditions, and the findings are under
review by Nature Communications (publication 3).

Indirect synthesis and chemical exfoliation may have a broader scope. By synthesising the
coatings at high temperatures on one surface and afterwards transferring them to the sub-
strate to be protected, heating up the substrate above critical temperatures can be avoided.
Some advantages will be lost, as the coating will neither be as thin as the directly synthes-
ised coating nor naturally conform to the surface. Publication 8 is a patent application of the
intellectual property based on such a transferred coating/114].

There are still many challenges to solve before coatings based on graphene and other
2D-materials are ready for full scale industrial implementation. Directly synthesised coat-
ing have a great potential, but major issues needs to be solved; galvanic couples can form
between graphene and the metal to be protected, delamination from substrate surfaces and

the high synthesis temperatures needed for high quality graphene, which can damage the
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substrate itself. Galvanic corrosion was limited using multi-layer coatings and circumvented
using insulating alternatives such as hBN, however, even though neutral electrolyte tests
did not result in delamination issues, strong acidic environments provided an unexpected
delamination mechanism where the impermeability of multi-layer graphene played an un-
desired role. Adding binders, and chemically functionalizing graphene may be a viable route
for increasing graphene adhesion. Lowering of the synthesis temperatures will generally lead
to a decrease of the coating quality, however, recent progress have been made with more
complex precursor molecules, which could enable low temperature synthesis - even without
nickel seeding layers. Another possibility is rapid flash synthesis, where the capabilities of
the RT-CVD system is utilised for short high energy pulses heating the substrate surface to
allow graphene formation. Pauses in between pulses can possibly avoid higher temperatures
in the bulk.

Ultimately, the demonstrated advances may contribute to new applications where coatings
can be applied or cases where traditional coatings can be replaced for improved protection,

reducing the negative impact of corrosion on both durability and costs.
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Motivated by similar investigations recently published (Pu et al., 2015), we report a comparative
corrosion study of three sets of samples relevant as bipolar plates for polymer electrolyte fuel cells:
stainless steel, stainless steel with a nickel seed layer (Ni/SS) and stainless steel with Ni seed layer coated
by a multi-layered graphene thin film (G/Ni/SS). The graphene film, synthesized by chemical vapour
deposition (CVD), has a moderate amount of defects according to Raman spectroscopy. Short/medium-
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with respect to steel just protected by Ni. After the test, the graphene film is still intact with unchanged
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1. Introduction

After the seminal works by Novoselov and Geim [1], the superior
material properties of graphene has fuelled an intense search for
practical applications of this planar honeycomb structure of carbon
atoms. Graphene and related materials (i.e., other two-dimensional
crystals) are expected to have a major impact in several

* Corresponding author.
E-mail address: peter.boggild@nanotech.dtu.dk (P. Baggild).

http://dx.doi.org/10.1016/j.jpowsour.2015.06.009
0378-7753/© 2015 Elsevier B.V. All rights reserved.

technological fields in the near future [2]. While graphene is
chemically inert and impermeable to even hydrogen [3], the
effectiveness of graphene as a protective coating is still subject to
debate and controversy. While several studies have reported pro-
nounced short- and medium-term protection performance of gra-
phene coatings [4—6], Schriver et al. pointed out that graphene may
in fact eventually accelerate corrosion and oxidation of metals over
longer periods of time [7].

Very recently, Pu et al. proposed the use of graphene on stainless
steel as a high-performance anti-corrosion coating for polymer
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electrolyte membrane fuel cells bipolar plates [8]. As the growth of
large-scale high-quality graphene directly on stainless steel (SS)
has not yet been shown to be possible, the authors suggest using a
nickel (Ni) seed layer on top of SS (Ni/SS) in order to catalyse the
graphene growth. The authors then compare the anti-corrosion
performance of three sets of specimens: (i) bare SS, (ii) graphene-
coated SS and (iii) graphene-coated Ni/SS (G/Ni/SS). After
repeating a potentiodynamic polarization test twenty times for
each set of samples they conclude that while the corrosion rate of
bare SS and graphene-coated SS increases by almost 50 and 15
times, respectively, the corrosion rate of G/Ni/SS remains almost
constant. Since in the case of graphene-coated SS specimen the
graphene coverage is non-uniform and incomplete, while for the G/
Ni/SS the coverage is close to 100%, the conclusion is that the
complete surface coverage of the graphene coating prevents wet
corrosion of SS. However, the effect of the Ni seed layer on SS has
been overlooked, although Nickel based coatings and alloys have
already been proposed as corrosion-resistive bipolar plates in fuel
cells [9,10]. Here, we report that both the Ni/SS and the G/Ni/SS
exhibit a similar behaviour when subjected to twenty polarization
scans under same experimental conditions (2-h test), and thus that
a graphene coating does not give a significant contribution to the
short-term corrosion resistance of steel. In the long term, however,
there is indeed a positive effect of graphene; after 504 h of exposure
to boiling seawater (Atlas cell test, see Experimental section for
details), there is indeed a clear difference in SS protected by Ni with
or without graphene.

2. Experimental
2.1. Fabrication of samples

2 inch diameter, 3 mm thick 304 stainless steel samples were
glass blasted and sonicated for 20 min in Triton X before being pre-
coated with a 150 pm nickel seed layer using a Technotrans elec-
troplating system without any additives/brighteners.

The chemical vapour deposition (CVD) system used for gra-
phene growth is based on a graphitic block heated by halogen light
bulbs and a PID-temperature control. Before insertion into the CVD-
chamber, the samples were sonicated in isopropanol and then
rinsed in deionized water. As for the growth process, firstly the
samples were kept at 850 °C in hydrogen atmosphere for 10 min
after which a mixture of hydrogen (24 sccm) and acetylene (12
sccm) was injected for the graphene growth. The samples were
cooled down at a fixed rate of 0.5 °C/s in low vacuum (base pressure
around 10~! mbar).

2.2. Electrochemical tests

The electrochemical tests were done using a platinum counter
electrode, an Ag/AgCl reference electrode and a Quick WE working
electrode holder [11]| along with the Gamry Reference 3000
potentiostat. The scan rate was 5 mV/s, and 3.5 wt% NaCl solution
was the chosen electrolyte. Twenty polarisation scans were per-
formed on each sample and the open circuit potential was moni-
tored to ensure stabilisation between each scan.

2.3. Atlas cell tests

The simulated seawater tests were also done in 3.5 wt% NaCl
solution. These long term tests were done at Accoat A/S using an
Atlas glass cell. It consists of a glass canister with a hole in both ends
allowing two samples to be tested simultaneously (see
Supplementary Materials). The samples are only partially
immersed in the corrosive solution, thus testing both liquid- and

vapour phase-induced corrosion. Heating the solution to the
boiling point has two effects; reaction kinetics is accelerated and
large temperature gradients arise over the samples with their
backside being exposed to room temperature. This furthermore
tests the tendency of the coating to delaminate due to condensation
and bubble formation at the coating/sample-interface in case of a
semi-permeable coating or poor adhesion.

It is worth noting that the corrosive environment at an elevated
temperature of the Atlas test presents a scenario similar to a fuel
cell in operation, including the temperature gradients due to the
surroundings being at a lower temperature.

2.4. Characterisation

The structure and composition of the samples were investigated
with Scanning Electron Microscopy and Energy Dispersive Spec-
troscopy using FEI Quanta 200 FEG and FEI Inspect. Focused Ion
Beam milling was done using FEI Helios dual beam focused ion
beam microscope. Raman spectra were obtained using a Thermo
Scientific DXR confocal Raman Microscope with a 455 nm laser,
2 mW power and a spot-size of approximately 1 pm.

3. Results and discussion

Fig. 1(a) shows an averaged Raman spectrum recorded on
several locations of the G/Ni/SS sample. The ratio of the intensities
of the 2D-peak (~2750 cm™!) to the G-peak (~1590 cm™!) is
~0.26 + 0.01, indicating the multi-layered character of the graphene
film. The thickness was 25 nm—40 nm measured by SEM of Focused
Ion Beam milled sections (see supplementary materials). The D-
band, located at ~1370 cm™}, indicates the presence of defects and
structural imperfections in the graphene lattice, which could be
related to the small size of polycrystalline graphene domains [12].
Additionally, the Raman map displayed in Fig. 1(b) shows the full
coverage and high homogeneity of the multilayer graphene coating
over a millimetre-sized area of the sample, confirming the well-
known high catalytic activity of Ni towards the synthesis of gra-
phene [13].

In Fig. 2(a) we report the results of a single polarization scan
acquired for three sets of samples: (i) bare SS, (ii) Ni/SS and (iii) G/
Ni/SS. For comparison, we report on the same graph the data for a
G/Ni/SS sample taken from Ref. [8]. Firstly, observing the anodic
part of the polarization curve for SS (black curve), it is possible to
observe the passivation layer formation (red arrow) and its sub-
sequent break-down (blue arrow). Such a passivating film reduces
the conductivity of the surface due to the oxide phase, and thus
results in being detrimental in view of applications as a bipolar
plate for polymer electrolyte membrane fuel cell. Secondly, we can
see that the G/Ni/SS sample of Ref. [8] (brown curve) is performing
better than our G/Ni/SS sample (blue curve), with a lower corrosion
rate indicated by the curve being located at a lower current density
range. We explain the difference with respect to our data as due to
the larger defect density in our graphene film compared with the
one reported by Pu et al. [8], which can be seen by direct com-
parison of the Raman spectrum in Fig. 1(a) of this work and the one
displayed in Fig. 1(a) of Ref. [8]. In fact, it is well established that
ions (such as Cl~ ions), water and oxygen may diffuse through
defects of graphene, like grain boundaries and cracks, until reach-
ing the metal surface underneath the coating and beginning its
corrosion [14]. Lastly, we want to point out that our Ni/SS sample
(green curve) is showing similar performance to the G/Ni/SS sam-
ple in Ref. [8] and, therefore, better performance than our G/Ni/SS
specimen. This finding is actually not surprising, due to the intrinsic
strong corrosion resistance of nickel and nickel-based alloys [15,16].

In order to (i) investigate the medium-term behaviour of the
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Fig. 1. a) Average Raman spectrum of the G/Ni/SS sample extracted from 100 spots over a millimetre sized area. The width of the graph represents the standard deviation. The sharp
peak located at ~2350 cm ™! is related to N, b) Raman map highlighting the full coverage and high homogeneity of the graphene film.

samples under study and (ii) directly compare our data with that (—168 mV) with respect to the one after a single scan (—2 mV). This
one reported in Ref. [8], we repeated the polarization curves twenty is ascribed to the breaking down of the metal oxide film passivating
times and plotted our measurements along with the ones for G/Ni/ the surface of the SS, which is now “less noble” and thus more
SS of Ref. [8]. As illustrated in Fig. 2(b), the SS sample turned out to prone to be corroded [17]. The passivating oxide film breakdown
be highly degraded after twenty polarization scans, with the can be seen on the first polarisation scan at an over potential of
corrosion potential being significantly shifted at a lower value around 320 mV.
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Fig. 2. Potentiodynamic study of SS (black curve), Ni/SS (green curve), G/Ni/SS (blue curve) and a G/Ni/SS from Ref. 7 (brown curve) after (a) one and (b) twenty polarisation scans.
(c) and (d): Raman maps of the G/Ni/SS before and after the potendiodynamic study, respectively. The I(D)/I(G) peak which represents the defect density is almost unchanged. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Both the Ni/SS (green curve) measured by us and the G/Ni/SS
(brown curve) from Ref. [8] exhibit strong corrosion resistance, low
corrosion current and a trend to keep a constant line shape over 20
polarization scans (see Supplementary Materials). As a matter of
fact, the corrosion potential of the Ni/SS is slightly higher than the
one of the G/Ni/SS of Ref. [8]. As for our G/Ni/SS sample, the polar-
isation curve is still located at a higher current density compared to
that of the two just-mentioned samples, however, it shows a trend to
maintain the performance after twenty polarization scans, in
contrast with bare SS (black curve) and similar to our Ni/SS and G/Ni/
SS reported in Ref. [8]. It is worth noting that the presence of the
graphene coating after the potentiodynamic analysis is confirmed
by the Raman maps acquired on the G/Ni/SS before and after testing
(Fig. 2(c) and (d), respectively). The D-to G-peak intensity ratio, I(D)/
I(G), representing the density of lattice defects [18], is 0.16 + 0.01
which is within the measurement uncertainty when compared to
the 0.17 + 0.02 obtained before the polarization tests.

Based on these data it is not possible to determine whether the
corrosion resistance within the tested timeframe is due to the
graphene coating, to the Ni seed layer or both in combination, as all
are improving the anti-corrosion performance of steel.

In order to evaluate whether a graphene coating can lead to an
actual improvement of SS's corrosion resistance, we apply a much
longer test, the Atlas-cell test [19]. The samples are subjected to a
harsh wet corrosive environment at an elevated temperature which
accelerates the reaction kinetics and also represents a simulation of
an environment relevant for polymer fuel cells [20]. The elevated

Ni/ss

Before test

After test

working temperatures and the likelihood of NaCl contamination
from e.g. ocean mist provide highly corrosive conditions for the
cathode. The samples are half immersed in boiling simulated
seawater for 504 h, with a large temperature gradient arising owing
to their backside being exposed to room temperature.

Fig. 3 displays two samples, Ni/SS and G/Ni/SS before (Fig. 3(a)
and (b), respectively) and after the Atlas-cell test (Fig. 3(c) and
(d)). The Ni surface without graphene coating exhibits clear signs of
corrosion including both Ni(Il)oxide (green) as well as other nickel
oxides in higher oxidation states (black), which are visible to the
naked eye (Fig. 3(a) and c) [21]. The position of the water—vapour
interface can easily be observed on the sample. While both the
liquid-exposed and gas-exposed sides of the sample appear to be
damaged, the latter appears to have suffered the most damage. This
may be due to a higher oxygen concentration in the vapour phase
than in the liquid phase, which bears resemblance with the work-
ing environment of bipolar plate inside a fuel cell where both the
oxygen concentration and the temperature are high.

On the contrary, the surface of the graphene-covered sample
does not show any sign of degradation when comparing visual
appearance of the sample before (Fig. 3(b)) and after (Fig. 3(d))
testing. This is also confirmed by energy dispersive x-ray spec-
troscopy (EDS) of the samples after testing (see Supplementary
Materials), where an oxygen peak is absent for G/Ni/SS, while
present in the uncoated nickel reference.

After the Atlas-cell test we investigated the graphene coating, to
verify whether it has been damaged or even removed by the

G/Ni/ss

Fig. 3. Optical images of samples before and after test in boiling simulated seawater (i.e., Atlas cell test). a) and b) show Ni/SS and G/Ni/SS samples before testing, respectively. c) and
d) display the samples in a) and b) after the test has been carried out, respectively. The graphene-uncoated sample is highly corroded, especially in the vapour side (highlighted by
the scratch at the edge of the sample) due to the higher oxygen concentration than in the liquid phase. It is worth noting that the dark areas in the graphene-coated samples were

present even before testing, and are the result of the annealing during CVD process.
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Fig. 4. a) Raman spectra of the graphene-coated sample before (red curve) and after (blue curve) testing in the boiling simulated seawater. The spectra are obtained away from the
edge, averaging in different sample locations. The plotted data is the average value with standard deviation error bars being represented by the thickness of the lines. The I(D)/I(G)
ratio before the test was 0.19 + 0.07 while after the test 0.16 + 0.04. b) and c): Schematic illustration of diffusion paths for single-layer (b) and multi-layer (c) graphene. In the case of
a multi-layer film, the diffusion path for oxygen and water molecules is longer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

aggressive test. As illustrated in Fig. 4(a), comparison of the Raman
spectra recorded before and after testing asserts that the graphene
coating is still present and intact. Notably, the D-to G-peak intensity
ratio, which was 0.19 + 0.07 before test, is now 0.16 + 0.04, and thus
remains constant within the measurement uncertainty.

At first sight, the positive long-term action of graphene coating
shown in this work might seem to be in disagreement with a recent
study reported in Ref. [7]. However, it is worth noting that the
scenarios are not immediately comparable. While Shiver et al. in
Ref. [7] are reporting on the barrier properties of graphene in a dry
oxidative environment, we are demonstrating the long-term pro-
tection in wet environment, where the reactions involved are
different. In addition, while they are investigating the properties of
a single-layer graphene coating, here we propose to use a multi-
layer graphene film. This film is much thicker than single or few-
layer graphene coatings previously reported in literature [22,23],
but still extremely thin if compared to standard, industrially
available composite coatings [24—26]. This greatly minimises the
influence on mechanical tolerances of coated items. Despite the
presence of defects, in case of a multi-layered graphene coating,
oxygen and water molecules must traverse a complex combination
of multiple intercalative paths between the layers, as well as
penetrate to deeper layers through lattice imperfections in order to
eventually reach the metal surface (Fig. 4(c)). Although producing a
realistic simulation of such a system is very challenging, it is safe to
assume that the diffusion time of corroding agents will scale with
number of layers.

4. Conclusions

In summary, we have compared the corrosion resistance of
three bipolar plates similar to those used for polymer fuel cells: (i)
an SS substrate, (ii) an SS substrate with a Ni seed layer atop and (iii)
an SS substrate with a Ni seed layer atop coated with graphene. We
have shown that in the short-/medium-term, the performance of
the latter two samples is in fact comparable and the stainless steel
substrate is protected when subjected to electrochemical tests in
corrosive electrolytes. From this alone, it is unclear whether the
presence of the graphene film on top of the Ni seed layer is playing
a role in the corrosion protection of steel as concluded by Pu et al.
[8]. However, using a longer test in a very harsh environment (i.e.,
the Atlas-cell test), it is evident that the graphene film is per-
forming much better than just a Ni seed layer toward the protection

of steel. This test has a 250 times longer duration than the poten-
tiodynamic analysis reported in Fig. 2(c) and ref. [8] and features (i)
accelerated reaction kinetics due to the high temperature as well as
(ii) high temperature gradients, which increase the tendency of
coatings to delaminate due to condensation and bubble formation
at the coating/sample-interface, in case of poor adhesion, perme-
ability or pinholes/cracks [19]. In addition, owing to the remarkable
electrical properties of graphene [2], these results could boost the
exploitation of graphene in fuel cell application.
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Failure of multi-layer graphene coatings in acidic
mediat
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Being impermeable to all gases, graphene has been proposed as an effective ultrathin barrier film and
protective coating. However, here it is shown how the gastight property of graphene-based coatings
may indirectly lead to their catastrophic failure under certain conditions. When nickel coated with thick,
high-quality chemical vapor deposited multilayered graphene is exposed to acidic solutions, a dramatic
evolution of gas is observed at the coating—substrate interface. The gas bubbles grow and merge,
eventually rupturing and delaminating the coating. This behavior, attributed to cathodic hydrogen
evolution, can also occur spontaneously on a range of other technologically important metals and alloys
based on iron, zinc, aluminum and manganese; this makes these findings relevant for practical
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Introduction

Corrosion, the gradual degradation of metals and alloys by
interaction with the environment, is a problem of enormous
significance. Costs due to corrosion represent 3-4% of the
worldwide BNP." Corrosion and oxidation cause waste of valu-
able resources, loss or contamination of product, reduction in
efficiency and costly maintenance across many industries.
Moreover, failure of critical metal parts is not just expensive, but
potentially dangerous. Passivating and protective coatings
comprise a widely applied approach to improve the surface
properties of substrates and to protect materials from envi-
ronmental degradation. To this aim, efficiently separating the
substrate from the external environment is one of the most
critical functions of a protective coating.

The hexagonal lattice of defect-free monolayer graphene has
been proved both theoretically and experimentally to be
impermeable to all liquids and gases including the smallest
molecules, hydrogen and helium.>* This outstanding feature
has led to an enormous interest in employing graphene as an
anticorrosion coating for metals and alloys.>” Nevertheless,
chemical vapour deposited (CVD) monolayer graphene gener-
ally exhibits defects through which molecules and radical
species can diffuse, thus locally initiating metal corrosion.**° In
addition, it has been reported that once these local corrosion
processes begin to take place underneath a monolayer graphene
cover, they are actually even accelerated by the presence of

Technical University of Denmark, Department of Micro- and Nanotechnology, Kgs.
Lyngby, DK-2800, Denmark. E-mail: lcam@nanotech.dtu.dk

t Electronic supplementary information (ESI) available: Polarization curves,
electrochemical impedance spectroscopy, further Raman characterizations of
the coating and the video of the real-time microscope experiments. See DOI:
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applications of graphene-based coatings.

graphene itself.' In this context, using a film made of several
layers instead of a monolayer is one logical approach to improve
performance of graphene-based protective coatings."”** In this
work, however, we report a so far unnoticed issue related to
coatings with low permeability and high structural integrity.
Indeed, when nickel coated with a thick, high-quality multi-
layered graphene is immersed in an acidic solution, the
cathodic reaction spontaneously yields hydrogen at the nickel
surface. The formed gas is not able to escape the high quality
regions of the graphene film and therefore remains trapped and
eventually forms bubbles, which can even lead to the delami-
nation of the whole coating.

Experimental
Growth, transfer and characterization of MLG

Nickel foil (part no. 12722 from Alfa Aesar) was acetone ultra-
sonicated before graphene growth. Atmospheric pressure CVD
growth was conducted with an AS-ONE CVD system from
Annealsys. After loading the samples into the growth chamber,
the chamber was evacuated with a rotary pump and then
flushed with Ar three times before finally filling it up to atmo-
spheric pressure. Next, the samples were heated at 950 °C for
15 min under the co-flow of 120 sccm and 100 scem of Ar and
H,, respectively. The growth process was then carried out for
5 min at 950 °C with 2 scem C,H, and 100 sccm H,. Lastly, the
chamber was cooled down with a rate of 20 °C s~ " after the
pressure was pumped down below 5 mbar.

Transfer of graphene coating onto glass slide or ~88 nm SiO,
wafer was carried out via chemical etching of nickel in 5% HCI
and 30% H,0, mixed solution for 24 hours.

Optical images were taken with a Nikon Eclipse L200N
optical microscope, while Raman spectra were collected by

RSC Adv., 2016, 6, 21497-21502 | 21497
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a Thermo Fisher Scientific DXR Raman microscope (excitation
wavelength 455 nm). Quanta 200 FEG environmental scanning
electron microscope (SEM) and FEI Titan T20 G2 transmission
electron microscope (TEM) were employed for the electron
microscopy characterizations.

Electrochemical measurements

Polarization curves and electrochemical impedance spectros-
copy (EIS) measurements were carried out with a three-electrode
cell, using a AgCl/Ag reference electrode, a Pt foil as a counter
electrode and a working electrode of tested samples, with
a solution of 0.5 M HCI (aq) being the electrolyte. All measure-
ments were repeated on three samples in a Faraday cage using
a Gamry Reference 3000 potentiostat. Polarization curves were
obtained after one hour of immersion by sweeping the potential
from —300 mV to 300 mV vs. the open circuit potential (OCP)
with a scan rate of 0.5 mV s~ . EIS spectra were collected by
applying a 10 mV sinusoidal perturbation (vs. OCP) on tested
samples at a frequency range from 100 000 Hz to 0.01 Hz with
10 points per decade.

Real-time microscopy experiments of hydrogen formation
below the MLG coating

The real-time microscopy experiments were performed with
a Nikon Eclipse L200N optical microscope and a Helios Nano
Lab electron microscope. In both cases, the samples were
exposed to 0.5 M HCI (aq) solution. The reader can refer to the
next paragraph for more details of the performed real-time
experiments.

Results and discussion

Fig. 1a reports an example of the bare nickel foil and the nickel
foil coated with a CVD grown multilayered graphene (MLG)
film, which have been the subject of this study. The MLG film is
hydrophobic with a measured static water contact angle of
102.0° £+ 0.4°, and floats as a monolithic piece on water after
nickel being chemically etched (Fig. 1b), even though it is more
than twice as dense as water. Raman spectroscopy provides
information about the stacking order of the MLG" film and the
density of defects.'® For our samples, we find both AB-stacked
and turbostratic regions (blue and red curve in Fig. 1c, respec-
tively), with a higher prevalence of the former case, as expected
for CVD graphene.'” Regarding defect density, the small D-peak
to G-peak ratio (0.040 + 0.010) is the hallmark of the high
quality film in terms of structural defects. X-ray diffraction
analysis reveals an average interlayer distance of ~3.3 A (See
ESIT). The cross-sectional transmission electron micrograph
(TEM) displayed in Fig. 1d gives insight into the total thickness
of the MLG film (around 100 nm) and highlights the constant
interlayer distance of the film, as shown by the Fourier trans-
form displayed in the inset.

Nickel and its alloys are usually corrosion resistant in
neutral, alkaline and diluted acidic media, while they deterio-
rate in aerated aggressive acidic environment. Hence, to inves-
tigate the corrosion performance of MLG coatings on nickel, we
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Fig. 1 (a) Multilayer graphene-coated (on the left) and bare (on the
right) nickel foils. (b) Snapshot of the graphitic membrane floating on
water after nickel substrate being chemically etched. (c) Two typical
Raman spectra of the graphitic film showing the coexistence of
regions with AB-stacking (top, blue curve) and turbostratic stacking
(bottom, red curve). (d) Cross-section transmission electron micro-
scope micrograph of the graphitic film on Ni foil. Insets: Fourier
transform (top right corner) and high-resolution image (bottom left
corner) both illustrating the high graphitization degree of the MLG film.

employ standard potentiodynamic polarization technique in
0.5 M HCI solution (pH = 0.3). With this method, by sweeping
potential from negative to positive values with respect to the
open circuit potential, the sample is electrochemically polar-
ized, which allows us to obtain information about thermody-
namics (i.e., corrosion potential) and kinetics (i.e., corrosion
current density and corrosion rate) of the corrosion process.'®
Here, we estimate that the corrosion rate for the MLG-coated
nickel is less than half that of the bare nickel specimen (see
ESIt for more details). This trend is also confirmed by electro-
chemical impedance spectroscopy analysis (see ESIT) and is in
agreement with previous studies on coatings based on few-layer
graphene on nickel.” During the test, as expected, we could
notice formation of hydrogen bubbles on the surface of both
samples at the cathodic branch of the polarization curves
(Fig. 2a), according to the reduction reaction:

2H;0"(aq) + 2¢” — Ha(g) + 2H,O(aq) 1)

We further investigated the specimen surface by means of
scanning electron microscopy (SEM). In Fig. 2b we report an
example of an area where the MLG coating was locally delami-
nated. The approximately circular shape of the hole in the
coating suggests that it has been caused upon rupture of
a hydrogen bubble. However, the outward direction of the
remaining MLG flakes at the surface near the edges of the hole
suggests that the bubble was not located on the surface of the

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a) Snapshot of the MLG-coated nickel sample while being
tested by potentiodynamic scanning at negative applied voltage
(cathodic branch). Hydrogen bubbles can be observed on the surface
of the sample. (b) SEM micrograph of the MLG-coated nickel foil after
potentiodynamic scanning. At the center of the picture, the coating
has been delaminated probably by a bursting hydrogen bubble; broken
edges of the coating are now pointing outwards, suggesting that the
burst bubble was located at the coating/substrate interface (inset). (c)
SEM image of two bubbles — highlighted by the white arrows — found
under the coating after applying constant negative potential (—0.6 V vs.
Ag/AgCl) for 3 min to the MLG-coated nickel foil in 0.5 M HCl solution.
(d) A portion of the MLG coating has been delaminated after 30 min of
constant exposure to a potential of —0.6 V in 0.5 M HCl solution and
still lies on the sample surface.

coating, but rather at the interface between it and the nickel
substrate.

The formation of hydrogen bubbles at the interface between
coating and substrate in aggressive acid environment is
a known phenomenon in corrosion science.”*** Also, it is worth
reminding that, though under different conditions, the evolu-
tion of hydrogen bubbles at the interface between graphene and
metal substrate during the cathodic reaction is a method largely
used for graphene transfer.>

To investigate whether the hydrogen bubbles are being
generated both at the surface of the MLG film and underneath,
we applied a fixed negative potential (—0.6 V vs. Ag/AgCl) to the
coated nickel sample in 0.5 M HCI solution for only a short
period of time (3 min). In this way, the bubbles can be observed
at the interface before they become large enough to burst. As
soon as the potential was applied, numerous hydrogen bubbles
appeared at the surface of the coating. After this test, the sample
was rinsed with water and gently blow-dried with nitrogen.
Under the optical microscope, a few nearly circular protrusions
of approximately 20 pm in diameter were found at seemingly
un-correlated locations under the graphitic film. To prove that
these protrusions are actually blisters, i.e. trapped gas under-
neath the graphene film and not particles or contaminants
present on the surface, we characterized these structures by

This journal is © The Royal Society of Chemistry 2016

RSC Advances

scanning electron microscopy. Fig. 2c displays two such
protrusions that indeed seem to be blisters of the coating.
Notably, the characteristic graphene wrinkles* at the base of
the blisters gradually unfold near the center of the blister, as
would be expected. To demonstrate that these blisters can
become large enough to burst and locally delaminate the
coating, we apply a fixed negative potential (—0.6 V vs. Ag/AgCl)
to the coated nickel sample in 0.5 M HCI solution for 30 min. As
displayed in Fig. 2d, SEM analysis shows that in many places,
the coating is no longer covering the metal substrate, similar to
what was found after the potentiodynamic scan experiment,
which is another indication that the film has now ruptured and
delaminated. Raman spectroscopy was also used to prove that
no graphene is present in the delaminated areas (see ESIT).

Raman spectroscopy is also known to provide information
regarding mechanical stress in the graphene lattice. A signifi-
cant blue-shift of all the peaks in the spectrum has been indeed
reported for the case of micro-balloons made of single and bi-
layer graphene on a oxidized silicon substrate.”® However,
within our samples, we do not observe any remarkable shift of
the peaks in the Raman spectra either recorded at the center of
the blister, at its base, or away from the blister on a flat gra-
phene region (see ESIf). This can be understood looking at
Fig. 2c, where the wrinkles seem to unfold at the center of the
blister, thereby relieving any stress caused by the trapped
hydrogen. The wrinkles are naturally formed upon cooling after
the growth process as a consequence of the different thermal
expansion coefficients of graphene and nickel;* likewise the
unfolding of wrinkles is a way to release the mechanical stress
caused by the formation of the blisters.

To gain more insights into the formation of the hydrogen
bubbles below the MLG film, we set up two experiments for real-
time monitoring of the process. The first experiment consists of
placing a droplet of 0.5 M HCl solution in the center of the MLG-
coated Ni foil under an optical microscope. Already after 5 min,
few blisters can be seen randomly distributed over the imaged
area, initially with diameters ranging from 10 pm to 20 um
(Fig. 3a). These blisters grow over time due to a build-up of
hydrogen at the interface between nickel and the coating until
they eventually start to merge. This behavior continues as long
as the HCI droplet is present on top of the MLG film. After two
hours the blisters can be larger than 100 pm and locally lift up
the coating (Fig. 3a). It is worth noticing that the time scale for
hydrogen bubble formation actually varies depending on the
sample under study. Interestingly, once the acid droplet is
removed, the region of the sample under the droplet does not
seem to be visibly corroded, i.e. there is no noticeable change in
color or appearance. On the other hand, the region of the
sample surrounding the droplet, which is thus not in imme-
diate contact with the acid, exhibits remarkable signs of
degradation (see Fig. 3b and c¢, respectively). If the acid is
distributed all over the sample area, the blisters eventually
cause delamination of the whole coating (see ESIT).

In the second experiment, SEM is used in order to study the
hydrogen bubble formation in real-time with higher spatial
resolution. A droplet of 0.5 M HCI solution is placed in the center
of the MLG-coated nickel foil, and gently removed with a tissue.
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(a) Sequence of optical microscope images taken from a MLG-coated nickel foil with a droplet of 0.5 M HCl solution on top. The pictures

are recorded through the acid droplet — hence the low quality of the images. The scale bar is 100 um. (b and c¢) Optical images of an area under
the acid droplet (c) and away from it (c). The sample represented in (a) is different from the one reported in (b) and (c).

The sample is mounted inside the scanning electron microscope
without prior rinsing or blow-drying. When the electron beam is
focused on a flat region of the sample, a dramatic hydrogen
evolution takes place below the MLG film (Fig. 4).

At first, a single micrometer-size blister is observed, then,
other smaller blisters are formed all over the scanned area
(Fig. 4b and c, respectively). At lower magnification, it is
possible to see that the blister-like protrusions are mainly found
in the area that was initially irradiated by the scanning electron
beam (see ESIT). This might be explained by a monolayer of the
acidic solution still being adsorbed on the surface* as well as
within defects and crevices of the MLG film after the sample has
being placed inside the microscope and evacuated. Then, the
local heating and the creation of defects*® induced by the elec-
tron beam trigger and accelerate the diffusion of water through
the MLG coating thus giving rise to the hydrogen bubble
formation. This experiment points out that (i) the fact that such
gas evolution only occurs with samples that have been exposed
to HCl solution rules out that this phenomenon is caused by the
presence of residual gas trapped either between graphene and
nickel or into the nickel itself during the CVD process; and (ii)
the trapping of gas at the graphene-metal interface in vacuum
conditions inside the SEM chamber indicates that the overall
quality and integrity of the film is high, as also corroborated by
Raman spectroscopy investigation (see Fig. 1c).

To explain why hydrogen is formed at the interface, we
suggest that, even if few, local defects and inhomogeneities are
intrinsically present in the coating. Notably, such inhomoge-
neities are areas with higher defect density, grain bound-
aries,”””® and sometimes also fewer layers (see ESIf). These
areas may originate from local impurities on the nickel surface,
temperature gradients during the synthesis process or different
catalytic activity of the nickel grains, as already reported in the
literature for CVD grown multilayer graphene.? In this scenario,
as the coating is placed in contact with the acidic solution, water
fills these defects and inhomogeneities thus forming a bridge
which allows protons to shuttle from outside the coating to the
nickel surface, through the hydrogen-bonding network (Fig. 5),
similar to the case of proton transport through the channel of
carbon nanotubes.?*?* As water reaches the nickel, the cathodic
reaction locally takes place. In fact, as described by the
potential-pH diagram of nickel/water system, also known as
Pourbaix diagram,** the evolution of hydrogen at the nickel-
water interface is spontaneous at the low pH level used in this
study. As the MLG coating on nickel shifts the open circuit
potential of nickel by only —25 mV (see ESIT), the hydrogen
evolution process for the MLG-coated nickel is still sponta-
neous, in accordance with our observations. Once hydrogen is
formed at the coating-metal interface, we can assume it diffuses
on the nickel surface, as observed in similar systems,* and

Fig. 4 Consecutive SEM micrographs recorded on a MLG-coated nickel foil after a droplet of 0.5 M HCl has been placed on top and subse-
quently removed. The formation of hydrogen blisters over time is reported. The scale bar is 20 pm.
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Fig. 5 Drawing of the proposed mechanism for hydrogen formation
under a droplet of 0.5 M HCl solution. Once the solution reaches the
nickel surface through defective areas in the coating, protons — which
are carried by water molecules via the Grotthuss mechanism, jumping
from a molecule to the next one (inset) — are spontaneously reduced
to hydrogen. The red balls represent oxygen atoms, while the blue
balls stand for hydrogen atoms.

merge, thus giving rise to the observed blisters. Since the
majority of the coating is made of regions with very small
apparent density of defects, a build-up of hydrogen occurs
under the MLG film, produces bubbles that grow and merge,
and eventually delaminate the coating. The formed hydrogen is
not likely to pass through the coating via local defects and
inhomogeneities, since these are clogged by water molecules, as
previously suggested for helium-leak-tight coatings made of
graphene oxide.** The fact that the formation of hydrogen
bubbles takes place on a different time scale depending on the
sample under study could be explained by varying density of
inhomogeneous areas within the coating, which is easily
accountable by variations of the nickel foil substrates or inevi-
table differences in the exact growth conditions commonly
experienced for CVD graphene growth. Here, it is worth point-
ing out that proton transport through a defect-free single layer
of graphene has already been observed, but not through
a bilayer.*® In this study we report on the performance of
a coating comprised of hundreds of graphene layers, and
therefore cannot immediately adopt the explanation proposed
by Hu and co-workers,”® where a tunnel mechanism was
invoked.

The dramatic degradation of the sample in the regions
surrounding the acid droplets can be ascribed to the formation
of a galvanic cell between nickel and graphene. Every electro-
chemical reaction consists of a cathodic and an anodic part. In
the case of the acid droplet deposited on the middle of the MLG-
coated sample, the cathodic reaction (i.e., reduction of protons
to hydrogen) occurs under the droplet due to the abundance of

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Optical micrograph of three MLG-coated nickel foils exposed
for 240 min to 0.5 M HCl (left picture), 0.5 M H,SO, (center picture)
and 0.5 M HNOs (right picture). In all cases, the MLG coating has been
lifted in several areas due to evolution of hydrogen at the nickel-
coating interface.

protons, while the anodic one (i.e., oxidation of the nickel) takes
place away from the droplet. While reducing protons to
hydrogen, electrons are being continuously depleted in the
region under the droplets. In this picture, electrons will move
from the region surrounding the droplet, to the region below
the droplet in compensation. Here, as already reported in the
case of single layer graphene grown on copper foil,"* the elec-
trons may migrate through the graphene film due to its high
conductivity, rather than through the passivated metal surface,
thus giving rise to formation of a galvanic cell which spreads the
oxidation of nickel to all regions in contact with graphene.

Ultimately, in order to verify that the formation of hydrogen
beneath a graphene coating is a reaction occurring spontane-
ously in the system nickel/water at low pH values, regardless of
the anions that are present in solution, we repeat the experi-
ment of the droplet placed at the center of the coated substrate
using different acids. At this aim, a MLG-coated nickel foil is cut
into three pieces. The first piece is tested with HCI, the second
one with H,SO, whereas the third one with HNOj, all solutions
being at the same concentration (namely 0.5 M). As displayed in
Fig. 6, after 240 min of exposure, the coating results in being
lifted up in several areas by hydrogen in all the three cases,
regardless of the acids that was used.

Conclusions

Our observations show that protective coatings based on CVD
MLG might fail in certain chemical environments. Even for
MLG consisting of hundreds of layers, with nominally very few
defects, the few but inevitable inhomogeneities provide suffi-
cient pathways for acid to reach the Ni surface, where hydrogen
is spontaneously formed. We suggest that the very integrity and
quality of the MLG coating prevents excess gas to escape at
a rate that matches the rate of which it is formed, which thus
leads to hydrogen build-up and eventually catastrophic delam-
ination to the coating. This implies that coatings based on
graphene and other two-dimensional materials, which are
considered attractive for corrosion protection due to their
impermeability, may fail for the same reason. Notably, the
vulnerability to gas evolution below the coating may become
increasingly severe as the thickness, quality and homogeneity of
the coating is improved, as this will prevent gas from escaping
in a non-destructive manner. Our findings may be relevant for
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other electrochemically active metals and alloys made for
instance of iron, zinc, manganese and aluminium.

On the other hand, however, it is also worth pointing out that
(i) the possibility of spontaneously producing and effectively
trapping hydrogen (or other gases) calls for further investiga-
tions of such MLG film in fields such as gas storage and
production; and (ii) the capability of such membranes of being
selectively permeable to water might be of great interest for
particular environmental applications.*®
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Working electrode holder and electrochemical cell

Field of invention

The present disclosure relates to a holder for a test object, more specifically to a holder
for measuring electrochemical properties of the test object. The holder may be used in
an electrochemical cell.

Background of invention

Electrochemical experiments are generally conducted using a two- or three-electrode
setup. Such setups comprise a working electrode, which is the test object or material
under investigation; a counter electrode, made of an inert material, which needs to be
stable and unreactive under the conditions used within the electrochemical cell (hence,
platinum or graphite are often used); and, optionally, a reference electrode, which takes
no part in the electrochemical reaction(s) under investigation and provides a stable and
known reference potential. All the electrodes are placed in electrical contact with the
electrolyte of an electrochemical cell, i.e. the electrodes are in a container with a liquid
electrolyte. The potentials and resulting electrical currents of the reactions of interest
are measured with respect to this reference potential (voltammetry).

The three electrodes are connected to a potentiostat, which is an electronic instrument
that controls the voltage difference between the working electrode and reference
electrode. Many potentiostats are capable of other measurements as well, in which
they might control and/or measure the current over time between the counter and
working electrodes whilst controlling and/or measuring the voltage with respect to the
reference (chronoamperometry, chronopotentiometry).

To be able to accurately measure the electrochemical properties of a test object, the
area exposed to the chosen electrolyte must be known, as the surface current density
is more important than the absolute value of the current. The test object should also be
contacted to the potentiostat in such a way that any electrically conductive or
chemically reactive parts beyond the working electrode surface (such as wiring,
soldering and crocodile clips) do not come into contact with the electrolyte and affect
the measurements via corrosion, reaction with the electrolyte or short circuit, and
interfere with the measurement.
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Measuring the electrochemical properties of a test object, including measuring
corrosion, is typically done in a cell, which often takes the form of an open-ended
vessel or tube, with one end of the cell accommodating an O-ring. The test object can
then be placed in mechanical contact with the O-ring, typically with the front side facing
the O-ring, and screws or clamps can be tightened to hold the test object in contact
with the O-ring. The backside of the test object can then be connected to a potentiostat
using e.g. soldering or crocodile clips. After fixing the test object in place, the test
object forms a liquid tight seal at one end of the cell, which can then be filled with
electrolyte. The two remaining electrodes are immersed in the electrolyte and
experiments can thereby be conducted. An open ended tube, wherein a test object is
placed such that the back surface of the test object is connected using alligator clips, is
disclosed in the instruction manual for the Model KO070 Corrosion Cell System from
Princeton Applied Research.

There are many problems in measuring electrochemical properties of a test object
according to above described devices and method. First of all, the insertion and fixation
of the test object is difficult. Secondly, the establishment of electrical contact to the test
object is provided by means of a rather complicated procedure. Thirdly, the electrical
connection contacts the back side of the test object, such that it may be difficult to work
with coated materials and other test objects that may contain an insulating layer or
coating. Examples of electrical contact established to a backside of a test-object and
where liquid is in contact with the front side only, are disclosed in WO 2014/008942
and GB 2 168 161. Finally, in most electrochemical cells it is necessary to empty the
electrolyte from the cell when exchanging the test sample, because the sample is an
integrated part of the cell. GB 2 168 161 is an example of this. This increases the
likelihood of introducing contamination or other inconsistencies when emptying and
replacing the electrolyte for further or repeated experiments.

Summary of invention

It is desirable to have a system whereby the test object functioning as the working
electrode is easily interchangeable, in order to make multiple measurements and
measurement of different materials under the same conditions simpler and to remove
the need to form a permanent or semi-permanent connection to the material using
solder, conductive paints, or epoxy, etc. For some applications it is also desirable to
have an electrical connection to the front side of the test object. This makes it possible
to work with coated materials and materials with heterogeneous electrical
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characteristics through their thickness — such samples may contain a highly insulating
layer or coating which would interfere with or prevent accurate measurement.

In order to solve the above described problems and provide a solution for the desired
needs, the present disclosure provides a working electrode holder for measuring
electrochemical properties of a front surface of a test object in a liquid, comprising: a
housing comprising a bottom surface and a sidewall, the sidewall defining a first
opening such that the test object can be placed inside the housing via the first opening
and such that the front surface is facing the inner bottom surface; one or more
electrically conductive pin(s) fixed to the bottom surface inside the housing such that
the front surface of the test object is able to be placed on the pin(s), thereby providing
an electrically contacted front surface, such that the electrically contacted front surface
is able to operate as the working electrode; a second opening located in the bottom
surface and configured for passage of said liquid, such that liquid is able to pass onto
the electrically contacted front surface.

The working electrode holder according to the present disclosure may be inserted into
an existing electrochemical vessel-which may simply consist of electrolyte in a beaker.
The working electrode holder may contain the test object, but only a known area of the
front side of the test object may be exposed to the electrolyte. The test object itself may
be inserted into the working electrode holder according to the present disclosure while
the electrochemical cell or beaker has already been prepared and filled with an
electrolyte. The insertion of the test object into the working electrode holder according
to the present disclosure is very simple; the test object may simply be put inside the
working electrode holder by hand. By having the one or more electrically conductive
pin(s) fixed to the bottom surface inside the housing such that the front surface of the
test object is able to be placed on the pin(s), thereby providing an electrically contacted
front surface, such that the electrically contacted front surface is able to operate as the
working electrode, there is provided means for efficiently providing a working electrode.
In other words, electrical contact can be established quickly to the front surface, and
especially without soldering or attaching alligator clips.

The working electrode holder according to the present disclosure is intended to be
used in electrochemical cells, in particular for corrosion experiments. Accordingly, the
holder according to the present disclosure is intended to be placed inside an
electrochemical cell or a beaker containing a liquid.
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The working electrode holder according to the present disclosure, may contact the front
side of the test object, i.e. the surface of the test object configured as working electrode
may be the front side of the test object, making it possible to work with coated materials
and other test object that may contain an insulating layer or coating.

An effect of the having the test object in the working electrode holder according to the
present disclosure is that it makes it possible to keep the electrolyte in the cell and

reuse it for further or repeat experiments.

An effect of having the pin(s) fixed to the bottom surface inside the housing is that the
front surface of the test object is able to be positioned in contact with the one or more
pin(s) such that an electrically conductive surface of the test object is facing the bottom
surface of the housing. In this way, there may be established a good electrical contact
in an efficient manner between the pin(s) and electrically conductive surface. Good
mechanical contact to the sample may facilitate good electrical contact. The placement
of the test object is as previously described via the first opening, and may allow for a
placement and removal of the test object. Further, the test object may be easily and/or
quickly placed into and/or removed from the holder. Another effect is that the liquid may
be able to pass directly toward the electrically conductive surface of a test object facing
the bottom surface of the housing, in particular because the second opening is placed
at the bottom surface of the housing.

The pin(s) may be any suitable pin(s) that are electrically conductive, such as spring

loaded pins.

The present disclosure is further related to an electrochemical cell for measuring
electrochemical properties of a test object, comprising: a container containing a liquid;
an electrode; and a working electrode holder as described in said liquid and with said
test object in said holder.

Description of drawings

Fig. 1 shows an embodiment of the working electrode holder according to the present
disclosure from a perspective.

Fig. 2 shows an embodiment of the housing according to the present disclosure from
below.
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Fig. 3 shows an embodiment of the housing according to the present disclosure from
above.

Fig. 4 shows an embodiment of the housing according to the present disclosure from
the side.

Fig. 5 shows an embodiment of the housing according to the present disclosure from a
perspective.

Fig. 6 shows an embodiment of the housing according to the present disclosure from a
perspective.

Fig. 7 shows an embodiment of the attachment means according to the present
disclosure from the side.

Fig. 8 shows an embodiment of the attachment means according to the present
disclosure from an end.

Fig. 9 shows an embodiment of the attachment means according to the present
disclosure from a perspective.

Fig. 10 shows an embodiment of the holding means according to the present
disclosure from the side.

Fig. 11 shows an embodiment of the holding means according to the present
disclosure from the top.

Fig. 12 shows an embodiment of the holding means according to the present
disclosure from a perspective.

Fig. 13 shows an embodiment of a spacer according to the present disclosure.

Detailed description

Housing and holding means

In one embodiment of the present disclosure, the housing is configured for containing
said test object comprising a circular surface with a diameter of at least 2.5 cm, 5 cm,
7.5cm, 10 cm, 12.5 cm or at least 15 cm in a plane parallel to the bottom surface
inside the housing. In such configuration, the housing may be configured for containing
a wafer with the standard measures such as 1", 2”, 3", 4”, 5" or 6”. However, in some
embodiments, the housing is configured for containing said test object comprising a
circular surface with a diameter of less than 2.5 cm.

In another embodiment of the present disclosure, the height of said side wall is at least
5mm, 10mm, 15mm, 20mm, 25mm, 30mm, 35mm, 40mm, 45mm, or at least 50mm.



10

15

20

25

30

35

WO 2016/016214 PCT/EP2015/067215

6

In a preferred embodiment of the present disclosure, the housing is configured for
providing electrical wiring to said pins. Accordingly, there may be one or more hole(s)
going through the housing, such as through the sidewall or through the bottom surface.
By having wiring to the pins, electrical connection is made to the front surface of the
test object once the test object is placed inside the holder according to the present
disclosure. In this sense, the electrical connection is automatically established and the
user is not required to make the connection to the test object, for example by soldering
a wire to the test object. Accordingly, the placement of the test object is easy and fast.

The housing may be any suitable shape, for example it may be shaped for a specific
test object. Preferably, the cross section of the housing may be circular, square,

rectangular or triangular.

Furthermore, the housing may be configured for receiving holding means for holding
the test object in place between the pin(s) and said holding means. In a preferred
embodiment, the holding means is a lid. The lid may be any suitable lid, for example it
may be screwed or press fit into the first opening, thereby pressing the test object
towards the pin(s). An effect of having holding means as described is that the holding
means due to its pressure on the test object facilitate a good mechanical and electrical
contact between the test object and the pin(s). Even further, the holding means may be
configured to fit into said first opening, such that said liquid can only passage through
the second opening. In this way, the second opening may face an electrically
conducting surface of the test object, such that liquid may be directed directly onto the
electrically conducting surface. All electrical contacts may be connected by placing the
holding means in the first opening, for example, by screwing a lid, such that this is done
using a single and simple movement. The holding means may facilitate that sealing
and fixation of the test object is done easily as well.

In a preferred embodiment of the present disclosure, the housing and/or holding means
are made of electrically insulating materials. In this regard, the working electrode holder
according to the present disclosure may be completely free of metallic parts that can
corrode (except the wires), and thus the working electrode holder according to the
present disclosure is optimal for an environment comprising a liquid. Accordingly, the
present disclosure is optimized for being used for corrosive test where the holder and
the test object is placed in the liquid.
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Additionally, the holding means may comprise an O-ring. Also, the bottom inner

surface, such as the inner surface of the bottom, may comprise an O-ring.

Pins

In a preferred embodiment of the present disclosure, the pins are three pins placed
equidistant from each other. More preferably, the pins are three pins placed equidistant
from said second opening. The purpose of the pins may be to establish good electrical
contact.

Spacer

In one embodiment of the present disclosure, there is a spacer that comprises one or
more plate(s), to be placed between the test object and a lid to be inserted in the first
opening.

In a preferred embodiment, the spacer is a facilitating that the test object is pushed
further towards the pins such that a better contact is established.

Alternatively, the spacer may be integrated into a lid, e.g. as a part that can be adjusted
with a screw-mechanism.

Test object

In one embodiment of the present disclosure, the test object is a composite of layers.
All of the layers need not to be electrically conductive, and thus the test object may be
a non-conducing test object, i.e. the test object may not be electrically conductive
through all layers. An effect of the present disclosure is that the working electrode
holder works with such non-conductive test objects. The test object may be a wafer or
a wafer sample, in particular a multilayer wafer or wafer sample. The test object may
comprise a circular surface with a diameter of at least a 1”7, 2, 37, 47, 5” or at least 6”.
However, in some embodiments, the test object may comprise a circular surface with a
diameter of less than 1.

Attachment means

In a preferred embodiment of the present disclosure, the housing further comprises
attachment means for attaching said working electrode holder to an attachment holder.
In this way, it may be possible to place the working electrode holder inside an
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electrochemical cell or beaker such that the attachment holder holds the working

electrode holder at a given position inside the electrochemical cell or beaker.

In a more preferred embodiment of the present disclosure, the attachment means is a
rod attached to said sidewall, such that said attachment means extends from an outer
surface of said sidewall. The attachment means may be configured for providing
electrical wiring to said pins, for example there may be a hole going through the
attachment means, such as through a rod. The wiring may then be further connected to
a device able to measure the electrochemical properties of the test object in electrical
contact with the pins.

Further electrodes

In order to measure the electrochemical properties of the test object, a counter
electrode is placed somewhere in the liquid. In one embodiment of the present
disclosure, the housing or holding means or attachment means comprises one counter

electrode.

Additionally, it may be required that there is a reference electrode in the liquid in order
to measure the electrochemical properties of the test object. In another embodiment of
the present disclosure, the housing or holding means or attachment means comprises
one reference electrode.

Openings

Preferably, the second opening is positioned such that liquid can passage into a test
area of said test object. For example, the second opening may be in the centre of said
bottom surface. Alternatively, the second opening may be at an off-centre position.
There may be one or more second openings. Accordingly, there may both be an
opening at the centre of the bottom surface and/or at an off-centre, such as of the
bottom surface and/or of the sidewall and/or of the lid. In some embodiments, there
may be second openings, i.e. additional openings, the additional openings may be at
the sidewall, at the holding means, or at the lid.

In one embodiment of the present disclosure, the second opening has an area of such
as less than 10 cm?, such as less than 9 cm?, such as less than 8 cm? such as less
than 7 cm? such as less than 6 cm? such as less than 5 cm? such as less than 4 cm?

such as less than 3 cm? such as less than 1 cm? such as less than 1 cm®. In some
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embodiments, the second opening has an area of such as more than 10 cm?, such as
more than 20 cm?, such as more than 30 cm?, such as more than 40 cm?, or such as
more than 50 cm?

Electrochemical cell

The electrochemical cell according to the present disclosure may comprise one or
more of the described feature(s). The electrode may be a counter electrode and or a
reference electrode attached to said working electrode holder. The counter electrode is
essential for having an electrochemical cell according to the present disclosure, but as
just described, the counter electrode may not need to be in the container but may be a
part of the holder according to the present disclosure. Such configuration may simplify
an electrochemical cell by collecting all the electric wires in one place, namely on the
holder.

Examples

Fig. 1 shows an embodiment of the working electrode holder according to the present
disclosure from a perspective. Figure 1 shows a working electrode holder for
measuring electrochemical properties of a test object in a liquid, comprising: a housing
1 comprising a bottom surface 2 and a sidewall 3; one or more electrically conductive
pin(s) 4 positioned on a bottom surface 5 inside the housing 1; a second opening 6
configured for passage of said liquid; and a first opening 7 configured for receiving said
test object such that a surface of the said object configured as working electrode can
be placed in contact with said pin(s) 4 and liquid. The housing is configured for
receiving holding means 8 for holding said test object in place between said pins and
said holding means. In this case, the housing is with threading, and the holding means
8 is a lid, configured to fit into the housing. In order to tighten the lid, there is a groove
on the lid. Further, the holding means 8 is configured to fit into said first opening 7,
such that said liquid can only passage through said second opening 6. In this example,
the housing is configured for containing the test object comprising a circular surface
with a diameter of at least 2.5 cm in order hold a standardized1-inch test object in a
plane parallel to said bottom surface 5 inside the housing. Accordingly, the cross
section of said housing is circular. The second opening is in said bottom surface,
specifically at the in the centre, positioned such that said liquid can passage into a test
area of said test object. The housing further comprises attachment means 9 for
attaching said working electrode holder to an attachment holder. The housing is
configured for providing electrical wiring to said pins, and therefore there is a hole 10
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going through the sidewall 3. The pins are three pins 4 placed equidistant from each
other and also placed equidistant from said second opening 6. The attachment means
9 is a rod attached to said sidewall 3, such that said attachment means 9 extends from
an outer surface of said sidewall 3. The attachment means 9 is configured for providing
electrical wiring to said pins 4, and therefore there is a hole 11 going through the rod.
The bottom inner surface 5 comprises an O-ring 12 to seal the second opening 6 with a
test object, when a test object is placed on the O-ring. Wiring is able to be connected to
the pins and into the hole 11 through the rod.

Fig. 2 shows an embodiment of the housing according to the present disclosure from
below. Figure 2 shows a housing 1 comprising a bottom surface 2 and a sidewall 3;
and a second opening 6 configured for passage of said liquid.

Fig. 3 shows an embodiment of the housing according to the present disclosure from
above. Figure 3 shows a housing 1 comprising a bottom surface 2 and a sidewall 3;
one or more electrically conductive pin(s) 4 positioned on a bottom surface 5 inside the
housing 1; a second opening 6 configured for passage of said liquid; and a first
opening 7 configured for receiving said test object such that a front surface of the said
object configured as working electrode can be placed in contact with said pin(s) and
liguid. The bottom inner surface 5 comprises an O-ring 12 to seal the second opening 6
with a test object, when a test object is placed on the O-ring.

Fig. 4 shows an embodiment of the housing according to the present disclosure from
the side. Figure 4 shows a housing 1 comprising a bottom surface 2 and a sidewall 3.
The housing is configured for providing electrical wiring to said pins, and therefore
there is a hole 10 going through the sidewall 3.

Fig. 5 shows an embodiment of the housing according to the present disclosure from a
perspective. Figure 5 shows a housing 1 comprising a bottom surface 2 and a sidewall
3; and a second opening 6 configured for passage of said liquid. The housing is
configured for providing electrical wiring to said pins, and therefore there is a hole 10
going through the sidewall 3.

Fig. 6 shows an embodiment of the housing according to the present disclosure from a
perspective. Figure 6 shows a housing 1 comprising a sidewall 3; and a first opening 7
configured for receiving said test object such that a front surface of the object
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configured as working electrode can be placed in contact with said pin(s) and liquid.
The housing is configured for providing electrical wiring to said pins, and therefore
there is a hole 10 going through the sidewall 3.

Fig. 7 shows an embodiment of the attachment means 9 according to the present
disclosure from the side. The attachment means 9 is a rod.

Fig. 8 shows an embodiment of the attachment means 9 according to the present
disclosure from an end. The attachment means 9 is a rod. The attachment means 9 is
configured for providing electrical wiring to said pins, and therefore there is a hole 11

going through the rod.

Fig. 9 shows an embodiment of the attachment means 9 according to the present
disclosure from a perspective. The attachment means 9 is a rod. The attachment
means 9 is configured for providing electrical wiring to said pins, and therefore there is
a hole 11 going through the rod.

Fig. 10 shows an embodiment of the holding means according to the present
disclosure from the side. The holding means 8 is for holding said test object in place
between said pins and said holding means. The holding means 8 is a lid, configured to
fit into the housing. There may be threading on the lid but this is not shown. In order to
tighten the lid, there is a groove on the lid. Furthermore, the holding means may
comprise one or more O-ring(s) but this is not shown.

Fig. 11 shows an embodiment of the holding means according to the present
disclosure from the top. The holding means 8 is for holding said test object in place
between said pins and said holding means. There may be threading on the lid but this
is not shown. The holding means 8 is a lid, configured to fit into the housing. In order to
tighten the lid, there is a groove on the lid. Furthermore, the holding means may

comprise one or more O-ring(s) but this is not shown.

Fig. 12 shows an embodiment of the holding means according to the present
disclosure from a perspective. The holding means 8 is for holding said test object in
place between said pins and said holding means. There may be threading on the lid
but this is not shown. The holding means 8 is a lid, configured to fit into the housing. In
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order to tighten the lid, there is a groove on the lid. Furthermore, the holding means

may comprise one or more O-ring(s) but this is not shown.

Fig. 13 shows an embodiment of the spacer according to the present disclosure. In this
case, the spacer is placed inside the housing, for example such that a test object can
be placed below the spacer, whereby the lid is able to press more on the test object, in
comparison to if the spacer was not present.



10

15

20

25

30

WO 2016/016214 PCT/EP2015/067215

Claims

1.
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A working electrode holder for measuring electrochemical properties of a front

surface of a test object in a liquid, comprising:

- ahousing comprising a bottom surface and a sidewall, the sidewall defining
a first opening such that the test object can be placed inside the housing via
the first opening and such that the front surface is facing the inner bottom
surface;

- one or more electrically conductive pin(s) fixed to the bottom surface inside
the housing such that the front surface of the test object is able to be placed
on the pin(s), thereby providing an electrically contacted front surface, such
that the electrically contacted front surface is able to operate as the working
electrode; and

- asecond opening located in the bottom surface and configured for passage
of said liquid, such that liquid is able to pass onto the electrically contacted

front surface.

The working electrode holder according to claim 1, wherein said housing is
configured for containing said test object comprising a circular surface with a
diameter of at least 2.5cm, 5 cm, 7.5cm, 10 cm, 12.5 cm or at least 15¢cm in a
plane parallel to said bottom surface inside the housing.

The working electrode holder according to any of the preceding claims, wherein
said housing is configured for providing electrical wiring to said pins.

The working electrode holder according to any of the preceding claims, wherein
said housing is configured for receiving holding means for holding said test
object in place between said pins and said holding means.

The working electrode holder according to any of the preceding claims, wherein
the cross section of said housing is circular, square, rectangular or triangular.

The working electrode holder according to any of the preceding claims, wherein
said holding means is a lid.
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7.

10.

11

12.

13.

14.

15.

16.

14

The working electrode holder according to any of the preceding claims, wherein
said housing and/or holding means are made of electrically insulating materials.

The working electrode holder according to any of the preceding claims, wherein

said holding means comprises one or more O-ring(s).

The working electrode holder according to any of the preceding claims, wherein
said holding means is configured to fit into the first opening, such that said liquid
can only pass through the second opening.

The working electrode holder according to any of the preceding claims, wherein
the height of said sidewall is at least 5mm, 10mm, 15mm, 20mm, 25mm,
30mm, 35mm, 40mm, 45mm, or at least 50mm.

. The working electrode holder according to any of the preceding claims, wherein

said pins are three pins placed equidistant from each other.

The working electrode holder according to any of the preceding claims, wherein
said pins are three pins placed equidistant from said second opening.

The working electrode holder according to any of the preceding claims, wherein
said test object is a composite of layers.

The working electrode holder, according to any of the preceding claims,
wherein said housing further comprises attachment means for attaching said
working electrode holder to an attachment holder.

The working electrode holder according to any of the preceding claims 14,
wherein said attachment means is a rod attached to said sidewall, such that

said attachment means extends from an outer surface of said sidewall.

The working electrode holder according to any of the preceding claims 14-15,
wherein said attachment means is configured for providing electrical wiring to
said pins.
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17.

18.

19.

20.

21.

22.

23.

24.

25.

15

The working electrode holder according to any of the preceding claims, wherein
said housing or holding means or attachment means comprises one counter
electrode.

The working electrode holder according to any of the preceding claims, wherein
said housing or holding means or attachment means comprises one reference
electrode.

The working electrode holder according to any of the preceding claims, wherein
the second opening is positioned such that liquid can pass into a test area of
the front surface of the test object.

The working electrode holder according to any of the preceding claims, wherein
the second opening is in the centre of said bottom surface.

The working electrode holder according to any of the preceding claims, wherein
the second opening is at an off-centre position.

The working electrode holder according to any of the preceding claims, wherein
the second opening has an area of less than 10 cm?, more preferably less than
8 cm?, even more preferably less than 6 cm?, yet more preferably less than 4
cm?, most preferably less than 2 cm?.

The working electrode holder according to any of the preceding claims, wherein
the bottom surface inside the housing comprises an O-ring.

An electrochemical cell for measuring electrochemical properties of a test

object, comprising

- acontainer containing a liquid, an electrode; and

- aworking electrode holder according to any of the preceding claims in said
liquid and with said test object in said holder.

The electrochemical cell according to claim 24, wherein said electrode is a
counter electrode and/or a reference electrode attached to said working
electrode holder.
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Holder Description

The Flat Specimen Holder (part number 990-00403) has been designed to
hold flat, circular or square samples for use in the Multiport Corrosion Cell.
This optional holder is designed to handle circular samples from 25 to 30
mm in diameter or square samples with sides length up to 23 mm. The
actual exposed electrode face is 10 mm in diameter with an area of 0.785
cm®. Samples can be up to 7 mm thick.

Made from tough, durable PEEK, the holder can withstand temperatures up
to 80 C. Contact is made on the front of the sample through the use of

POgO pins. Flat Specimen Holder in the
Multiport Corrosion Cell.

*Patent Pending - WO 2016/016214 Al.
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