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Abstract

Cobalt is used for increasing the efficency of alkaline batteries. A push towards sustainable
practices, lower costs and address human rights seek to reduce the usage of this material.
Alternatively, graphene can be used for both oxidation protection and increasing conduc-
tivity of battery steel. This study investigates the process of using Chemical Vapour De-
position (CVD) for coating graphene onto nickel-plated steel (NPS) in situ using Raman
spectroscopy. The aim of the work is twofold, including both a spectroscopic analysis of the
substrates with temperature and the assessment of process parameters’ effect on the CVD
process.

Spectroscopically, the nickel-plated material is found to form two different oxides by heat:
hematite (Fe2O3) and an inverse spinel mixture of NiFe2O4. These could both be charac-
terised using Raman spectroscopy, and confirmed by Scanning Electron Microscopy (SEM)/
Energy Dispersive X-Ray (EDX). Both these spectra and those obtained for NiO are shown
and their characteristics determined to distinguish effects during the CVD process. On
NPS with graphene already deposited, the coating was found to successfully protect against
corrosion until it burns off at 650 ◦C. In a reducing environment (H2), oxidation occurs un-
der the graphene layer, forming Fe3O4 nanoparticles at the interface of the substrate and
graphene.

Temperature is found to have the largest impact on the coating result. Below 650 ◦C, the
CVD will yield amorphous carbon. Worse electronic properties make this undesirable for the
product. Beyond that threshold, higher temperatures generally decrease the defect density
of the coating. Exposure time is found to increase both the coverage and thickness of the
coating. As a thinner coating exhibits better electronic properties, this is to be tweaked to
strike the right balance. The ultimate parameter of flow rate was not found to correlate with
the coating. Mainly, this is attributed to the setup, in which the in- and outlet of the heat
chamber are the same small hole.
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1. Introduction

1.1. Background

The main means of exchangeable energy storage in the world are alkaline batteries. This
type of batteries has a market share of more than 80% in the USA[2]. Regardless of the large
abundance of this product throughout the world, there are some concerns relating to the
materials in these batteries.

The most common type, Zinc-Manganese cells[3], contain steel, graphite and brass but also
potentially hazardous materials like nickel and cobalt[2]. The latter is used as a coating on
the nickel-plated steel current collector with the purpose of lowering contact resistance and
thereby increasing efficiency[4]. Cobalt is toxic[5] and is listed on the EU list of critical raw
materials[6].

A political concern is that the majority of the raw material is excavated in politically instable
countries outside the EU, most notably the Democratic Republic of Congo[6]. Environmen-
tal concerns are raised regarding mining, transport, and smelting practices[7]. Human rights
concerns are posed by the working conditions[8], slavery and child labour[9] in the produc-
ing country. Artisanal cobalt mining in unregulated mines is reported to be one of the main
causes for modern slavery and child labour[10].

Therefore, a new coating material is to be found, that is competitive with cobalt in contact
resistance in both performance and cost, while addressing the political, environmental, and
human rights concerns.

An alternative coating material for this purpose is graphene[11]. Since its first produc-
tion in 2004[12], graphene has become one of the hot topics of materials research[13]. It
is a two-dimensional material of pure carbon. The atoms form an atomically thin plane of
hexagonally arranged carbons[14]. As such, it exhibits unique mechanical[15], electrical[16]
and chemical[17] properties. Graphene can be grown on nickel substrates by CVD[18], mak-
ing it viable to coat nickel-plated steel current collectors. Furthermore, its extraordinarily
high conductivity[19] makes it a viable choice to lower the contact resistance of the current
collector[20].

Among the many synthesis routes of graphene, CVD has been shown to be a viable route
to produce high-quality graphene on nickel[18]. Its main advantages are the high quality
of large-area graphene, fast production and feasible scalability[21]. Most importantly, CVD
can potentially be used as a drop-in solution to replace the cobalt coating process in existing
battery fabrication.

Graphene is a strongly raman active material, allowing for much information to be collected
through raman spectroscopy[22]. This includes information on the layer number, the num-
ber of defects and the electronic state. As such, Raman Spectroscopy can be leveraged to
investigate the formation of graphene in situ.

1



1. Introduction

1.2. Research aims

In this study, the viability of using acetylene as a precursor for CVD of graphene onto the
nickel-plated steel will be investigated in situ using raman spectroscopy. Literature suggests
that this process is possible, and could be implemented as a drop-in solution at the end of
the process of coating steel with nickel. For this implementation, an understanding of the
effect of the different process parameters is to be gained. Therefore, the first research aim
is:

• What are the effects of temperature, flow rate and exposure time on the coverage, layer
number and defect density of CVD-grown graphene?

Before being able to determine the answer to the above question, the setup and raman signal
of the used substrates are to be tested. This will be done to understand the data acquired
and for an estimate of the effect of heating on both the substrates and signal. Furthermore,
these data can be used to test the installation of the different gases, as proof of concept for
both the reduction and CVD by the C2H2 and H2, respectively. The second research question
is formulated to be:

• Which raman spectra can be collected for the nickel-plated steel substrate, both at room
temperature and by heating to the operation temperature of 750 ◦C?

As a plethora of resources are available for the chemical vapour deposition on Cu and Ni,
the investigation will be performed on Ni under the same conditions as for the coated steels.
The aim is to investigate the translatability of the results from nickel plated material onto
pure nickel. If this comparison can be made, the available knowledge could be applied to
the process design.

• Does acetylene CVD follow the same trends on pure nickel and nickel-plated steel?

1.3. Thesis Outline

This thesis is structured into six chapters. Following this introduction, the available material
on the topics of alkaline batteries, graphene, chemical vapour deposition and the specific
combination of graphene and nickel will be assessed and studied. In chapter 3, the different
characterisation methods used will be introduced, and the setup and materials shown. The
results and discussion are split into two distinct parts: spectroscopy and chemical vapour
deposition. The former is laid out in chapter 4 and includes the information gathered on the
substrates, namely their spectra, SEM and optical micrographs. The second results chapter,
chapter 5, will highlight the results of the in situ CVD tests and their interpretation and
applicability to the upscaled process. The final chapter will provide the conclusions and
suggestions for further work on the topic, both for academic purposes, the industrial scaling
and an improved setup for small-scale in situ tests of large-scale coating processes.
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2. Background

2.1. Graphene

2.1.1. What is Graphene?

History

Since the first theoretical prediction of the electronic properties of a two-dimensional carbon
material by P. C. Wallace in 1947 [23], the material graphene has developed into one of the
most-researched areas of science. Until 2018, more than 100 thousand scientific publications
containing the word ”graphene” in the title were published, after only 850 by 2004[13]. The
term graphene was only officially adopted in 1997, when the IUPAC compendium defined
graphene as ”a single carbon layer of the graphite structure, describing its nature by anal-
ogy to a polycyclic aromatic hydrocarbon of quasi infinite size.”[24] The turning point for
graphene research came in 2004 when the first single-layer graphene sheet was synthesised
in a lab by Novoselov et al.[12]. Later, Geim and Novoselov would receive the 2010 Nobel
Prize for Physics for this advance of the field.

Until the Nobel prize, graphene and its unique properties would compete with other car-
bon nanostructures that were more well-known, namely Buckminsterfullerenes and Carbon
Nanotube (CNT).[13] The main issue holding back graphene research was the complicated
and low-yield synthesis methods that had been established. Addressing this led to the de-
velopment of more than 100 different processes for production of graphene and graphene
oxide. Ultimately, what makes graphene stand out amongst other materials are its unique
optical (transparent)[25], electrical (good conductivity, zero band gap)[16] and mechanical
(strong, flexible)[15] properties.

Although graphene is defined as a single layer of carbon atoms, this is practically very
difficult to realise[13]. Therefore, a sample with a few graphene layers stacked (¡5) will be
considered Multi-Layer Graphene (MLG), rather than graphite. When the term graphene is
used without specifying Single-Layer Graphene (SLG), generally a few layers are meant.

Structure

Carbon forms the basis of graphene, with the electronic configuration of carbon being
1s22s22p2.[26] The four valence electrons are distributed over the 2s and 2p orbitals, which
are separated by an energy difference of ≈4 eV. Through interaction with other atoms, such
as other carbon atoms, one electron can be elevated from the 2s in order to fill all three
p-orbitals (px, py and pz) to form covalent bonds to neighbouring atoms. Quantum mechan-
ically, these four states are now equivalent, and therefore carbon is in an excited state. These
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Figure 2.1.: Illustration of the electronic of a single
carbon atom, its sp2 hybridised form and a benzene
ring in hexagonal arrangement with active σ and π
bonds. Image taken from [27].

Figure 2.2.: Band structure of
graphene in two-dimensional k
space with Dirac cone. Image
taken from [28].

different states may be superimposed to form a spn hybridisation with the s and n p-orbitals
superimposed. The other orbitals will remain unchanged.

Graphene is made up of sp2-hybridised carbon atoms. This implies a superposition of the
2s, 2px and 2py states.[29] These bonding orbitals lie in one plane forming 120 ◦ angles with
one another, as shown in Figure 2.1 b. Therefore, the three sp2-hybridised electrons can form
σ bonds with three neighbouring carbon atoms, leading to the two-dimensional, hexagonal
structure of graphene, as can be seen in Figure 2.3. σ bonds are very strong and flexible.
The fourth valence electron (in the pz state) forms an out-of-plane orbital. The out-of-plane
pz orbitals of neighbouring carbon atoms overlap to form a π-bond, delocalising electrons
on the surface of the graphene sheet, displayed as a ring in Figure 2.1. Graphene owes its
electric properties to electrons in these orbitals.

Figure 2.2 shows the band structure of graphene. It can be seen that the band increases
linearly in all directions at the Fermi energy, forming the so-called Dirac cone[16]. This
leads to two unique properties: On the one hand, graphene has a zero density of states
at Fermi level, thus making it a semi-conductor. At the same time, the band gap has zero
width, giving graphene metal-like properties. Therefore, graphene is considered to be a zero
band gap semiconductor and its carriers behave as semi-metals[29]. On the other hand, this
linear dispersion relation is symmetrical on the Fermi energy, so that electrons and holes
behave symmetrically and a large carrier mobility is ensured[30, 31].

Mechanical Properties

Graphene is the strongest known material with an elastic (Young’s) modulus of ≈1 TPa[32,
15] and an engineering tensile strength of up to 60 GPa and 6% strain. It is found that
these properties are even received in samples with edge defects and large surface area.
These outstanding findings hold for monocrystalline sheets and are due to the short, strong
σ bonds[15]. By the hexagonal arrangement of the carbon atoms, in-plane stresses are
isotropic. One large advantage of graphene is its out-of-plane flexibility, given by its monatomic
thickness[21]. Graphene has a low friction coefficient and can be effectively bonded to a ma-
terials to reduce friction[33].

Due to the small interatomic distance and strong bonds, permeability of graphene is low, so
that graphene can function as a membrane for gases. Bunch et al. have conducted experi-
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Figure 2.3.: Illustration of graphene hexagonal plane structure and its other-dimensional
derivatives. F.l.t.r. Fullerenes (0D), nanotubes(1D) and graphite (3D). The image is taken
from[14].

ments on micro cavities sealed with graphene and found that diffusion times of ≈24 h would
be necessary to relax a pressure differential across the graphene sheet.[34] They leveraged
this mechanism to find that the elastic constants of graphene compare to those of graphite,
similar to the above values.

The fracture toughness of graphene is significantly impacted by the grain size of the graphene
crystals. As shown experimentally[35] and theoretically[36], a higher concentration of grain
boundaries helps dissipate cracking energy, making polycrystalline graphene tougher than
monocrystalline graphene. The mechanisms behind this property are branching of the crack
tip at grain boundaries, decreasing stress concentrations and out-of-plane deformations of
the polycrystalline material[36].

Thermal Properties

Graphene is found to have the exceptional thermal conductivity of K = 3000-5000 W m−1 K−1,
found both experimentally[37, 38] and theoretically[39, 40], an order of magnitude higher
than that of copper (≈400 W m−1 K−1[41]), one of the best metallic thermal conductors.
The large range for this value stems from differences in strain distribution, shapes and sizes
between different experiments and samples[42].

Generally, thermal conductivity can be driven by either one of two mechanisms, phononic
or electronic conductivity.[43] In materials with high electron diffusion lengths, like metals,
thermal energy can be transported by electrons. This explains the generally high K of metals.
Phonons, or lattice vibrations, can also transport heat throughout a material. It is important
to note that these crystal vibrations can be scattered easily at defects (grain boundaries,
interstices, lattice imperfections) or by other phonons[44].
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(a) (b)

Figure 2.4.: (a) Image showing the transparency of graphene with one and two layers, ex-
hibiting the stepwise decrease in transmission. Image taken from [55]. (b) Photograph of
two coins, with and without graphene coating after 2 minutes submission in H2O2. Image
taken from [58].

Strong σ bonds in graphene allow for long phonon dispersion and therefore extraordinary
thermal conductivity K.[42] Phonons make up the dominant mode for thermal conduction
in graphene. Therefore, edge defects of graphene samples can largely influence the measure-
ments of thermal conductivity. The phonon mean free path in a perfect graphene lattice is
estimated to be 775 nm[45] near room temperature. K drastically decreases with increasing
number of layers of graphene as phonon scattering becomes more likely[46].

In order to leverage the thermal conductivity of graphene, its heat transfer to other materials
needs to be known, especially its thermal boundary resistance RB. With metals[47, 48], SiC,
BN[49] and SiO2[50], RB have been found in the order of 10−8 K m2 W−1. Multiple studies
agree that the number of layers and the other contacting material do not strongly affect
RB.[51, 47, 50] A strong relationship has been found with surface roughness and the methods
of graphene synthesis. For comparison, the Cu-Al interface exhibits a higher[52], different
metal oxide interfaces similar[53] and samples with large variance in Debye temperature[54]
smaller RB. The performance of graphene does not stand out with regards to other materials
in this regard.

Optical Properties

Graphene shows a very high optical absorption of α ≈2.3% considering its sub-nanometer
thickness[55]. Furthermore, this absorption takes place across the spectrum evenly from
300 to 2500 nm.[56] This can be attributed to the two-dimensional nature of graphene and
its resulting linear dispersion on the Dirac cone[55, 56, 57], as shown in Figure 2.2. When
stacking multiple layers of graphene, they each contribute the same amount to the total
absorption, making the absorption a total of the number of layers multiplied by 2.3 %[55].
This phenomenon is shown in Figure 2.4a.
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Electrical Properties

The unique electrical properties are what makes graphene stand out and viable for many
applications. The electrons in the π-bonds are free to move with a carrier mobility of up to
200000 cm2 V−1 s−1 at room temperature, attributed to the zero band gap of the material[19,
59]. High carrier mobility and high carrier density (1012 cm−2[60, 59]) in turn inform the
very high electrical conductivity of graphene. Neto et al.[16] and Guinea et al.[61] show
that the electrons behave as massless fermions and can move freely at ballistic speeds. The
conductivity will never fall below a certain threshold, regardless of the abundance of charge
carriers on the graphene surface[31]. For comparison, the conductivity of a perfect graphene
crystal is nearly twice as large as in copper[62].

Graphene can reduce the contact resistance of an interface by multiple orders of magnitude.
This is demonstrated for a variety of metals, implying the feasibility of using graphene to
lower the contact resistance[20, 63].

Further unique properties are found for graphene that exceed the limits of this work. The
hall effect is observed in graphene with quantised increases in hall resistance, referred to as
the quantum hall effect[64, 65, 66]. Graphene is used for experiments of the Klein paradox,
leveraging the massless nature of the electrons to observe quantum tunnelling and its de-
pendance on the height of the potential step[67, 68]. Graphene-semiconductor contacts form
Schottky barriers which can be used to make photovoltaic cells[58, 69].

Chemical Properties

A sheet of graphene is inert at ambient conditions. Coatings of graphene are shown to
successfully prevent corrosion[17], as shown in Figure 2.4b. For imperfect graphene coatings,
it has been shown that grain boundaries and other defects lead to corrosion spots of the
underlying material, which can be counteracted by applying multiple layers of graphene[17,
70, 71].

Graphene is shown to be an effective material as a cathode in different battery applications
due to its high conductivity[72, 73]. It burns at 350 ◦C[74]. Defects in its structure can be
repaired by the introduction of a carbon-containg gas[75].

2.1.2. Related materials

Graphene as a two-dimensional sheet of carbon atoms forms the basis for multiple deriva-
tives that exist in the same electronic configuration but different architectures. Each of
these derivative materials exhibit similarly notable properties as graphene. Figure 2.3 shows
different materials based on sp2-hybridised carbon that are considered to be of different di-
mensionality. The latter refers to their behaviour like a quantum mechanical object confining
its charge carrier to a space of those dimensions. A zero-dimensional object behaving like
a highly localised point, similar to the behaviour of an atom and a one-dimensional object
behaves like carriers confined to a line[14].

The simplest derivative of graphene is the naturally occurring graphite. By stacking planes
of graphene atop one another, a 3D material is formed. Van-der-Waals bonds hold the layers
together. Graphite and graphene share many material properties along the direction of the
base plane[76], but differ in the properties in the out-of-plane direction. Charge carriers’
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mobility inside a plane is high but not throughout the material, so that the stack of layers is
considered a poor conductor. It is found that from a stack thickness of 10 layers onwards,
the properties resemble those of the 3D structure[77].

Rolling up a sheet of graphene yields a CNT, as shown in Figure 2.3. This material was
discovered long before the discovery of graphene and hence much is known about its
properties.[78] The thin tube of dozens of Angstrom thickness are considered a 1D mate-
rial, similar to the two-dimensionality of graphene. Here again, the π bonds create a mate-
rial with very high charge carrier diffusion lengths providing excellent conducting abilities.
CNTs are known for their high absorption of visible light, making the darkest blacks known
by specifically arranging, a property leveraged for studying simulated black bodies[79].
Multiwalled CNTs exhibit excellent mechanical properties like those of graphene[80, 81].

Going down even further in dimensionality, zero-dimensional particles were the first car-
bon nanostructures discovered. The first artificially created and most abundantly available
quantum dots are the so-called Buckminsterfullerenes, or C60[82]. As the latter name sug-
gests, they are built up of 60 sp2-hybridised carbon atoms wrapped up into a sphere made
up of hexagons and pentagons, as shown in Figure 2.3. As zero-dimensional dots, their
density of states is perfectly discretised like that of an individual atom, leading to specific
optical fluorescence phenomena[83]. Fullerenes with more than 60 carbon atoms are also
available[84, 85]. Furthermore, the π bonds again lead to good carrier mobility which can
be leveraged for use in solar cells[86].

Another 2D material commonly used in stead of graphene are Graphene Oxide (GO) and
reduced Graphene Oxide (rGO) for ease and cost of production.[13] GO denotes a single
layer of graphene with any type of oxides bonded to carbon atoms in the sheet that have
sp3 hybridised. Due to the different electronic structure, many properties of GO are inferior
with respect to those of graphene. since GO can be made easily and cheaply, graphene oxide
has become a staple in 2D materials research and synthesis of graphene. By reduction of
GO, the graphene-like rGO can be made[87], as discussed in the next section.

In the transition from SLG to 3D graphite, the derivative material MLG is formed. Electrical
and thermal conductivity are lowered with respect to SLG, but as the chemical stability
remains the same, the volatility to defects decrease[17, 70]. Furthermore, its high surface area
makes MLG viable for hydrogen storage applications, sensors and other applications[88].

Nowadays, 2D materials are of rising interest and other examples have been synthesised,
including hexagonal boron nitride (h-BN)[89, 90], semiconductors such as MoS2[89] and
magnets like CrI3[91].

2.1.3. Synthesis

Dozens of different synthesis routes for graphene have emerged over the years, the most
established of which are shown in Figure 2.5[92, 93, 94, 87]. The image classifies some of the
most popular synthesis routes in laboratories in terms of their qualities towards scalability.

The original synthesis of graphene in 2004 by Novoselov et al. was performed by mechanical
exfoliation. This technique is highly effective at transferring large-area sheets of graphene
from one substrate to another by using scotch tape. Unfortunately, it is very costly in terms
of time relatively small yields, making it undesirable for industrial scaling[96].
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Figure 2.5.: Overview of different graphene synthesis routes and their estimated potential in
different categories. (G) refers to the graphene quality, (C) refers to the cost of production
(a low value corresponds to high cost of production), (S) refers to the scalability, (P) refers
to the purity and (Y) refers to the yield of each preparation route. Image taken from [95].

Reducing rGO is a widely applied technique due to the ease of producing GO. It is one of the
most promising synthesis routes for upscaling. A variety of different reducing agents are
available, with hydrazene currently being the most common[87]. Recently, advancements
have been made towards finding environmentally friendly reduction agents[97]. The main
drawback is the inferior graphene quality, often exhibiting overlaps, wrinkles and defects
stemming from previous oxidation sites and interaction at the edges with the reduction
agent[87].

Liquid phase exfoliation, assisted by sonication, is the process of dissolving graphite in a
solvent and exfoliating the layers in solution. The exfoliation is performed by sonication
with ultrasound and centrifugation[96, 98]. The main advantages of the technology lie in
its ease and scalable potential, already exhibiting high throughput[94]. Drawbacks of this
method include cost and environmental concerns as highly reactive solvents are required in
large quantities due to graphite’s low solubility[21]. The last step in the process, extraction
from the solvent, can easily be performed by common spin coating apparature which makes
this method effective in graphene storage and distribution, as shown by the fact that these
graphene solutions are readily available commercially, see e.g. ref [99].

Graphene can be grown on a substrate by CVD through introduction of an organic gas
(e.g. methane, acetylene) to the sample.[100] The process involves adsorption of a gaseous
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precursor to the substrate surface, its decomposition and consecutive crystal growth directly
on the substrate surface. CVD has been given a lot of attention as a prospective technique
for large-scale graphene production as it yields large-area, high quality graphene, while still
coming at a comparatively high cost [101, 102, 18, 71, 100].

Electrochemically, graphene can be exfoliated from a graphite electrode suspended in an
electrolyte solution. This technique is relatively fast, simple and environmentally friendly,
but produces less high-quality graphene and is expensive. Oxidation of the graphene when
using graphite as the anode is the main issue with this approach[103, 104].

Graphene can be grown on SiC by decomposition of the SiC substrate at high temperatures
and low pressures[105]. The promise of this technique lies in the possibility of growing
large-area, high-quality graphene directly on a dielectric or wide band gap semiconductor,
while being a very expensive low-throughput technique[106].

For the application to battery current collectors, a graphene layer is required on nickel. As
this is one of the most common substrates used in CVD, this method will be the focus of
this work. Furthermore, CVD is a very promising technology in scalable production and
potentially viable as a ”drop-in” solution to replace current coating techniques. In the next
chapter, an in-depth explanation of the CVD method will be given, analysing various process
parameters and materials.
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Figure 2.6.: Schematic of the three basic steps of graphene formation.

2.2. Chemical Vapour Deposition (CVD)

CVD is a process commonly used to grow any type of material on a variety of substrates
from a gaseous precursor[107, 108, 109]. In this chapter, the specific example of graphene
growth by CVD will be treated, focusing on the process and materials required for yielding
graphene. The structure of this chapter is such that first the basic principle will be explained,
after which the process parameters and their influence will be explained, finishing off with
an analysis of the materials used as substrates and precursors.

2.2.1. Working Principle

The basic principle of graphene growth through CVD comprises the steps shown in Figure
2.6: (i) decomposition of the organic gas, typically in a high-temperature environment, (ii)
deposition and adsorption on the surface of or diffusion into the bulk of the substrate and
(iii) crystal growth on the surface upon cooling[18]. The system will be heated to tempera-
tures high enough to facilitate breaking the bonds of carbon in the precursor, >600 ◦C for
most precursors (see Table 2.1). Often, this process is performed under vacuum conditions.
Apart from the materials selection (substrate and precursor), which will be discussed in the
next section, there are five key process parameters that affect the product, as follows. CVD
can yield crystal domains of up to dozens of micrometres[18, 101, 110].

Figure 2.7.: Visual representation of the different steps in graphene CVD on copper and
nickel. Image taken from [111].
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2.2.2. Process Parameters

Pre-Treatment

Before the precursor is introduced to the environment, the substrate samples are often sub-
jected to some form of pre-treatment. Metallic substrates are generally reduced to minimise
oxides at the surface that might affect the quality of the graphene layer[18]. Further steps
that are taken include specific annealing schedules or polishing steps, to minimise defects
such as grain boundaries and surface roughness, as these negatively affect graphene prop-
erties such as corrosion resistance[17] and contact resistance[112].

Holding Temperature

To adsorb atomic carbon to the surface of the substrate, precursor molecules need to be
decomposed.[18] For this to be possible, the temperature in the system needs to be high
enough to facilitate the energy required to break the bonds of carbon, so that the choice of
precursor dictates the temperature range that can be operated within. These temperature
ranges will be discussed in the following section. Cui et al. found that when the chosen
temperature is too low, amorphous carbon can be deposited on the substrate rather than
growing crystals[113].

Beyond decomposition, temperature also affects the reaction of carbon with the substrate.[101]
High temperatures may allow for higher dissolution rates of carbon into the bulk of the sub-
strate, as is the case with Ni. Furthermore, if CVD is performed at higher pressures, reactions
of impurities in the environment can occur acceleratedly, e.g. oxidation.

Ultimately, the temperature must be chosen carefully to balance the cost of production and
effect on the substrate with the requirements for the reaction. For industrial application,
lower process temperatures are attractive[101]. One way to grow graphene at lower temper-
atures is by using plasma enhanced CVD[114].

Cooling rate and annealing time

Substrates with high carbon solubility like Ni require precise control of the cooling rate to
manage the amount of carbon that partakes in the formation of graphene and therefore the
number of layer[115]. The annealing temperature dictates both crucial parts of graphene
formation, nucleation and growth.[116] This time needs to be chosen such that nucleation
can be minimised while still allowing for growth to yield large-area graphene domains.

Precursor Flow

The precursor flow rate and exposure time has been found to have an effect on the domain
size of graphene on copper[110] and nickel[117, 118]. Providing less carbon sources yields
less nucleation sites so that larger domains grow.[117] This result can also be achieved by
increased dissolution of the precursor into an inert gas. The longer the substrate was ex-
posed to the precursor, the more graphene layers are grown on nickel.[118] When the time
was chosen too shortly, however, the resulting graphene exhibited a high density of defects
and impurities.
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Pressure

Various ambient pressures have been used for graphene CVD synthesis, starting with Ultra
High Vacuum (UHV) and vacuum conditions.[101] In recent years, CVD at atmospheric
pressures has been developed to yield high-quality samples that are competitive with UHV
methods.

Conceptually, pressure can be used in the process for two purposes. Firstly, very low pres-
sures (< 10−4 Torr) can be used before the application of the precursor to minimise exposure
of the substrate to any outside influence, e.g. oxygen[119, 85]. Resulting samples exhibit less
surface imperfections and thus better graphene films and properties[112]. Secondly, lower
pressure during the addition of precursor material allows for higher control over the amount
of precursor both introduced to and interacting with the substrate[101].

Over the years, graphene CVD has been performed on a wide range of pressures (UHV[120,
121] to atmospheric[122]). Bhaviripudi et al. investigated the effect of pressure on the ki-
netics of graphene formation[123]. They found that diffusion, and therefore mass transport,
increases with decreasing pressure[123]. Therefore, the high-pressure CVD processes are
limited by diffusion onto the substrate, whereas the low-pressure methods are limited by
surface reaction rates on the substrate. While comparable qualities of graphene are synthe-
sised throughout the pressure ranges, it was found that processes at ambient pressures are
more prone to growth of multiple layers. Processes at higher pressures typically involve
more careful preparation of the materials and corrosion protection, but can be performed at
a larger scale.

2.2.3. Materials

Substrates

Choosing the correct substrate is critical for the yield of high-quality graphene. In CVD,
the substrate can act as both substrate and catalyst[18]. The catalytic activity entails the
adsorption of the hydrocarbon precursor and lowering the bond energy so as to make the
decomposition into carbon atoms and hydrogen molecules more likely[124].

The most commonly used substrates for graphene growth are transition metals, especially
Cu and Ni.[18] Two main advantages can be found for these materials:[102] Firstly, they act
as a catalyst for the decomposition reaction, drastically accelerating the CVD process and
increasing the effectiveness. Secondly, the crystal lattice, especially of Ni, is of similar size
and architecture to graphene, making the growth of graphene more energetically favourable,
also increasing the bond strength.

Metals with higher carbon solubility, such as Ni, will absorb carbon from the percursor into
the bulk of the material.[125] Upon cooling, these materials will precipitate carbon to the
surface and are more likely to form graphene layers beyond the ones grown during the
CVD process. The thickness of these substrates dictates how much carbon can be diffused,
so that the thickness of these samples can be used to control the number of graphene layers.
Substrates with low carbon solubility, like Cu, will only adsorb carbon to their surface and
can therefore be largely self-limiting, growing mainly single layers of graphene[126].

Gold[127], platinum[128], iridium[129] and other transition metals can also be used for CVD
graphene synthesis but are inferior to the use of cobalt, nickel and copper due to either of
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Table 2.1.: Precursors commonly used for CVD, including operating temperatures and C-H
bond dissociation enthalpies.

Precursor Formula Temp Bond strength[143] Ref
(◦C) (kJ mol−1)

Methane CH4 > 900 439 [119]
Ethylene C2H4 400 464 [144, 128]
Ethane C2H6 > 600 423 [117, 145]

Acetonitrile CH3CN > 800 389[146] [113]
Benzene C6H6 100 − 300 475[147] [122, 118]

Acetylene C2H2 450 − 650 556 [145, 148, 149, 117]

three reasons: High cost of the material, low quality of graphene or transfer methods and
less scalability[130].

Texture plays an important role in graphene formation, as e.g. Ni(111) aligns very well with
the graphene crystal[102, 131, 128, 132]. These effects differ per material and conditions but
can include self-limiting graphene growth and increased nucleation rates.

Grain boundaries[133] and other surface defects[121, 134] play an important role as they
can lead to a decrease in graphene quality. Grain boundaries are considered to be areas of
increased likelihood of carbon precipitation from the bulk, leading to local concentrations of
many graphene layers[133]. Surface defects such as steps[121] and surface roughness[134]
are found to lead to slower growth and higher nucleation density, yielding smaller crystal
domains, which in turn worsens the electrical[135], chemical[17] and thermal properties[42]
of graphene.

Other materials that can be used as a substrate include metal oxides such as silica[136] or
MgO[137] and glass[138]. Often, these substrates require use of additional application of
catalysts to aid graphene growth. The mechanisms for these substrates are similar and de-
scribed in more detail in the review paper by Chen et al.[139]. The advantage of these meth-
ods is that graphene can be grown directly on the substrates they are to be used on without
costly transfer procedures that can lower the graphene quality. In this study, graphene is to
be deposited on nickel, making CVD the optimal method to apply the coating.

Precursors

For graphene CVD, the choice of precursor is critical for both the process and quality of
graphene. The bond strength of the molecule must be low enough to allow decomposition.[140,
141, 111] Temperature is governed by this reaction, so that the CVD process is required to
operate at the temperature required by the choice of precursor. Table 2.1 displays a num-
ber of different precursors that have been used as well as noting the minimal temperature
required for usage. Although the precursor is ultimately attached to the substrate surface
in the gaseous state (at high temperatures), precursors can be used in the solid, liquid and
gaseous state[142].

Decomposition of the carbon-based precursors is aided by the catalytic effect of the sub-
strate. While acetylene readily adsorbs to the nickel surface[150], methane is less likely to
adsorb at lower temperatures[151]. Thereby, the operation temperature referred to in Ta-
ble 2.1 is determined by both the decomposition energies as well as the precursor-substrate
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interaction[101]. This explains the lower operating temperature of acetylene with respect to
methane even though its bond strength is larger.

Kinetics and mechanisms of graphene growth by CVD will be discussed in the next chapter.
Specifically, kinetics on nickel as a substrate will be discussed.
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2.3. Alkaline Batteries

Alkaline batteries are the standard in energy storage for appliances. With application in
home appliances, toys, hearing aids and more, they make up a sizeable market selling bil-
lions of batteries annually[152], making up 80% of total portable battery production in the
US[2]. Although they are not rechargeable, alkaline batteries’ biggest advantage is their con-
venience. Comparatively high capacity, long-term stability and low cost make it the perfect
energy carrier for use in home appliances[153]. There are several types of alkaline batter-
ies, including the well-established button and cylinder cells readily available in stores. In
this review, merely the cylindrical type of cell will be investigated, as this will be the one
the materials research will be performed for. The most common type of alkaline cell is the
manganese-zinc cell[3] and will thus be focused on. First, the architecture of such a cell will
be described before elaborating on the materials used for each component. The chapter will
be rounded off with a brief comparison to other types of batteries.

Figure 2.8.: Schematic of an alkaline Zn-Mn battery. Image taken from [154].

2.3.1. Architecture

An alkaline cell is a galvanostatic cell that utilises an electrolyte with a high pH-value[155,
156]. The general architecture of a cylindrical cell is shown in Figure 2.8 and is made up of
five critical components:[156] The outermost part of the cell is a metal can that serves the
dual purpose of current collector and encapsulation of the cell, in the image called ”positive
connection”. In direct contact with the current collector is the cathode of the cell, generally
in a solid state. Separating the anode from the cathode is a membrane or separator that
allows for ion conduction. The anode is made up of a paste or powder that encapsulates the
current collector nail. High pressures can build up inside a Zn-Mn battery that are released
through the safety mechanisms near the bottom of the cell[157].

16



2.3. Alkaline Batteries

Table 2.2.: Resistivities of different materials for current collection. Data taken from the
MatWeb materials database [161].

Material Resistivity ρ (10−6Ω cm)
Stainless Steel 73

Low Carbon Steel 22
Brass 6.55

Nickel 6.40
Cobalt 6.24
Copper 1.70
Silver 1.55

Graphene ≥0.5[62]

2.3.2. Materials and Requirements

Can electrode

Steel is used for the can due to its low cost and acceptable electrical conductivity. To increase
the latter, different coatings and alloying elements are applied to the steel to make it more
suitable for the application as a current carrier.[4] The requirements on this component are
(i) low cost, (ii) high workability and throughput in the factories, (iii) impermeability, (iv)
long lifetime and (v) high electrical conductivity. Another reason to choose steel is safety.
Pressures can build up in the cell and the can needs to provide safety[157].

Steel cans for batteries are typically drawn in a multi-step process from a thin sheet into
the desired shape.[156] Any additions to the steel must neither impair nor deteriorate under
this physical strain.

A critical aspect to tackle is the corrosion resistance of steel[4]. Given that an average battery
is generally stored for more than five years before use[157], oxidation must be suppressed to
maintain high conductivity. Alloying steel towards a stainless alternative is associated with
a decrease in conductivity (see Table 2.2). A different strategy for increasing longevity is
by applying coatings to the steel. Anti-corrosive coatings that are typically applied in steel
industry include Sn[158], Ni[159] and Zn[160].

To optimise the conductivity of this nickel-plated steel, commonly a cobalt coating is added[4].
In particular, the contact resistance between the can and the cathode is effectively lowered,
the main source for the system resistance[4]. However, cobalt is on the EU list of critical raw
materials[6] and brings with it environmental and human rights concerned, given that the
majority is mined in Congo[9]. Other coatings must be developed that match or outperform
cobalt, while also lowering the cost.

Cathode

Depending on the type of cell, different materials can be used for the cathode, including
Ni(OH)2, AgO and manganese dioxide MnO2[157]. The function of this component is to fa-
cilitate the reduction of the cell[3]. MnO2 is the most widely applied cathode (in manganese-
zinc cells) and is shaped into rings of appropriate dimension to simply be slotted into the
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steel can.[156] The main advantages of the use of manganese are its low toxicity, environmen-
tal acceptability, low cost and large abundance while the downside is low conductivity[153].
To address the latter, MnO2 is mixed with other components including graphite. Addition-
ally, binding agents are mixed in to make a solid material[156].

Separator

The separator, or membrane, is in place to allow the transport the charge carriers from
cathode to anode without putting the two in contact, as in any electrochemical cell[155]. The
materials commonly used are non-woven fabrics and cellulose[156].

Anode

At the anode, reduction takes place in an alkaline environment. The material that is most
widely used is zinc due to its large capacities facilitated by two-electron transfer and high
redox potential[153]. Other available materials include Cd and Fe[157]. The electrolyte in
alkaline batteries is KOH, chosen for its very high conductivity. Nevertheless, it is associated
with safety risks by creeping out through the seal and building up pressures[157]. By using
a zinc powder and mixing it with a KOH electrolyte, the anode is shaped into a gel that
can be effectively deposited into the cell.[156] This allows for easy assembly, as the current
collector needle is inserted into the gel after its deposition.

Current pick-up needle

Similar to the steel can, this metal needle is used to facilitate for the current to run and
connect to the desired device. This current collector is generally made of brass for its anti-
corrosive properties, high conductivity and relatively low price.[156] A contact is generally
soldered to the brass needle of the same material as the can electrode (”negative terminal”
in Figure 2.8).

Chemical Reaction

Below, the chemical reactions leading to charge transfer in zinc manganese cells are shown[3].

Zn(s) + 2OH−
(aq) −−−−→ ZnO(s) +H2O(l) + 2e−

2MnO2(s) +H2O(l) + 2e− −−−−→Mn2O3(s) + 2OH−
(aq)

2MnO2(s) + Zn(s) −−−−→Mn2O3(s) + ZnO(s)
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2.3.3. Rechargability and comparison to other battery types

Alkaline batteries are not rechargeable and therefore address a different part of the market
than e.g. Li-ion batteries[157]. Modern designs can be recharged, with the main hurdle to
overcome being the pressures that build up during the charging cycle[157]. Formation of
(hydr-)oxides on the anode and cathode is observed, further complicating the engineering
of rechargeable solutions[153].

In comparison to other cell types, such as NiMH or Li-ion cells, the Zn-Mn cell can achieve
very high capacity and energy densities at lower cost[153]. Most notably, the stability and
capacity retention is very high, but the safety concerns associated with the pressure build-up
are larger than those associated with other types of batteries[153]. Zn-Mn cells deliver lower
maximum power than e.g. NiMH and are thus not used in high-power applications, but
rather in applications that require a constant and high throughput of energy over extended
periods of time as in radios, toys etc.[157].

As stated above, a host of materials, including the rare elements cobalt[6], is used in each
small cell. For purposes of extended use and larger volumes, re-usable cells or improved
recycling methods are to be developed[2]. In the following chapter, one alternative to this
coating will be introduced.
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2.4. Graphene on Nickel

2.4.1. Materials

In this chapter, the kinetics and mechanisms of graphene formation on nickel by CVD will be
investigated. The focus will be on the effect of process parameters on both the microscopic
effects as well on the resulting graphene quality.

Nickel has a very high carbon solubility (over 2 at% at 1000 ◦C[162]), so that a large portion
of the decomposed precursor will be absorbed into the nickel bulk[138]. Upon cooling, this
carbon can precipitate to the surface and partake in graphene formation[163]. To understand
the formation of graphene, therefore, also includes understanding the mechanisms of carbon
diffusion inside nickel and its temperature dependence.

Nickel is a transition metal that arranges in the face-centred cubic (fcc) crystal structure[44].
As such, the closest-packed atomic plane, the (111) plane, will have the same triangular
arrangement as the base plane of a hexagonal lattice, the arrangement of graphene[44]. The
lattice parameter of the fcc crystal is 3.52 Å, while the (111) surface lattice parameter is 2.49 Å,
a mere 0.03 Å larger than that of graphene, allowing for close lattice coherency between the
two[111]. Nickel will retain its fcc structure until its melting point at ≈1450 ◦C[164]. Nickel’s
carbon solubility compares to roughly a quarter of the solubility in iron and roughly 50 times
that in copper[162].

2.4.2. Kinetics on Ni

In this section, the work performed on understanding the mechanism of graphene growth
on Ni is explained. First, generally understood mechanisms of graphene formation on nickel
are laid out. Using it as a basis of this summary, the relevant parameters in this process are
then discussed in respective sections.

The review paper by Dong et al. summarises the general concensus on graphene formation
by CVD.[125] Two main growth regimes are discovered that depend on the concentration
of the precursor at the surface: When it can be assumed to be constant due to high flow
rates, slow adsorption to the surface or very fast diffusion of adsorbed atoms on the surface,
growth takes place in the attachment-limited regime. In this case, the rate-limiting step
of crystal growth is the attachment of a free carbon atom on the surface to the existing
graphene domain. Polygonal domains as shown in Figure 2.9 are observed in this case.
Should constant precursor concentration not be given, the diffusion-limited regime takes
over. Here, the balance between diffusion of the carbon atoms into the bulk, on the surface
and out of the bulk is the rate-limiting process. This yields star-shaped domains, as shown
in Figure 2.9 due to a gradient in carbon concentration near domain boundaries. It has been
shown that Ni generally allows for growth in the attachment-limited regime, so that will be
the focus of this work.

It has been shown that graphene domain growth generally occurs by attachment of carbon
atoms at the edge of the domain one line at a time in this domain, making the domains grow
symmetrically while maintaining their shape[168]. While this is the rate-limiting step for the
process[168, 111, 125], it has been shown that the interaction of the graphene domain edge
with a Ni atom on the surface can successfully lower the energy barrier for growth[168].
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(a) (b)

Figure 2.9.: (a) Microscopical images of polygonal-shaped graphene domains prepared in
the attachment-limited regime, A taken from [165], B taken from [166]. (b) Simulated
and experimentally found grains growing in star-shaped patterns in the diffusion-limited
regime. Image taken from [167].

In the following, the different steps of the CVD process are explained, following the chronol-
ogy of the process (see Figures 2.7 and 2.6), hence starting with the decomposition of the
precursor at the nickel surface. Following this, different modes of diffusion in and on nickel
will be explored. Third, the orientation of the substrate crystal is discussed with respect to
its effect on graphene formation. The last two aspects to be discussed will be the defects
of the substrate and graphene, respectively, and which effect they can have on quality and
kinetics. Pre-processing steps and their influence are included in the latter two chapters.

Decomposition

Adsorption and decomposition of hydrocarbons on nickel have been studied for decades
as a means to synthesise hydrogen[169] and CNT[170], including analyses on the (111)[171,
150, 172, 173, 174], (110)[175] and (100)[176, 177, 178] surfaces.

The process can be separated into two different parts: adsorption and decomposition. Acety-
lene and other precursors readily adsorb to the surface of nickel at temperatures as low as
150 K[150]. Carbon on the catalyst surface is gained by the formation of a carbide phase
(Ni-C), releasing molecular hydrogen[170]. On nickel, this process is favourable. Atomic
carbon is formed by decomposition of this carbide, accelerated by higher temperatures.

Different Ni surfaces are found to exhibit faster decomposition, the fastest being (100) and
the slowest (111)[179]. The interaction of acetylene and nickel surfaces has been described
and most notably found that the decomposition can yield carbon dimers C2 [150]. Further
reading is available at [175, 172].
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As this first step of CVD is found to be much faster than the following, especially when the
precursor flow rate is high, the assumption is made that kinetics of graphene formation are
limited and governed by the mechanisms described in the following sections[125].

Carbon diffusion

Three different carbon diffusion modes on and in a nickel substrate are introduced by Mafra
et al.[111]. The three mechanisms are diffusion

1. on the nickel surface,

2. into the nickel bulk and

3. out of the nickel bulk.

The former two are to be balanced in order to provide the carbon atoms required for
graphene growth. Temperature, Ni grain orientation and carbon concentration are three fac-
tors the authors describe to have significant impact on which mechanisms are energetically
favourable. When carbon atoms start to cluster together for ultimate graphene formation
as dimers (C2) or trimers (C3), diffusion into the bulk becomes less likely. As graphene
is formed on the surface, diffusion into the bulk should be minimised to keep the carbon
atoms near growing domains, while maximising diffusion on the substrate surface to allow
for supply of carbon atoms to the edges of graphene domains. Table 2.3 shows energy bar-
riers associated with diffusion mechanisms on different nickel surfaces. It can be seen that
for the (111) surface, in-plane diffusion is most likely while the other surfaces exhibit similar
energies both modes. Engineering of the balance between different diffusion modes can be
performed by temperature control (diffusion into increases more with temperature than on
the surface), by texture control (maintaining a uniform (111) surface) and promoting dimer
formation (decrease diffusion into bulk). The latter is heavily influenced by the crystal struc-
ture, as it is e.g. more likely on a (110) surface than on a (100) surface. Dimer formation on
the surface is therefore desirable, as it limits diffusion into the bulk. The choice of precursor
might provide a higher density of dimers with respect to individual carbon atoms, as the
molecules might contain covalently bonded carbon already.

Weatherup et al. explore a kinetic model for graphene growth on the nickel.[145] It is found
that the thickness of the nickel layer can help moderate the growth of graphene. By utilising
the diffusion mode into the bulk of the material as a carbon sink, the local differences in
growth by defects or crystal grain orientations can be moderated. Through this process,
uniform growth of graphene is observed on thicker (>25 µm) nickel samples. Thinner
substrates are saturated sooner and can therefore not mediate growth between different
parts of the sample leading to homogeneous growth.

Substrate crystal orientation

SLG has been grown successfully on monocrystalline nickel samples with different ori-
entations. Among these, the established surfaces are (111)[180, 171, 166], (110)[181] and
(100)[121]. An overview of different parameters of the carbon-nickel interaction on these
surfaces is given in Table 2.3 and an image of the arrangement in Figure 2.10. Most notably,
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Figure 2.10.: Schematic representation of graphene arrangement on different nickel surfaces.
Image taken from [111].

the surface energy is significantly smaller for the (111) surface, which makes the C-Ni inter-
action more favourable, making diffusion and adsorption processes easier[111]. Geometri-
cally, the surfaces differ, as shown in Figure 2.10. The (111) surface very closely resembles
the structure of graphene with mismatch of approximately 1% [111]. The other surfaces
exhibit different structures which will lead to Moiré patterns and buckling of the graphene
layer on those surfaces[121]. Due to the different structures, the distance between graphene
and the substrate will differ. This section explores the different surfaces and the differences
between their graphene formation kinetics.

(111)

As shown in Table 2.3, the (111) surface is preferable in almost every measurable quantity for
graphene growth. Near-perfect lattice match with graphene and thus minimal strain allow
for high-quality graphene matched on top[171]. Due to its low surface energy, it allows for
easy adsorption and diffusion on the substrate surface[111]. As described in the growth
model by Mafra et al., the only drawback of this surface is the relative ease of diffusion into
the nickel bulk, requiring twice the energy than diffusion on the surface[111]. However, on
this surface, three processes compete for an adsorbed carbon atom: diffusion on the surface
and into the bulk as well as formation of a dimer. As dimers are more stable on this surface
than single atoms, the likely mechanism is that carbon atoms diffuse on the surface until
they form a dimer, as long as enough carbon atoms are supplied from the precursor. Dimers
will very rarely diffuse into the bulk and are more stable than monomers. These dimers are
then expected to attach themselves to the edge of a graphene domain near nucleation sites,
so that the formation of a single layer is possible and dependent on the deposition rate and
temperature. Both will need to be low as diffusion into the bulk increases with temperature
while an excess concentration of carbons can lead to the formation of multiple layers.

On this surface, as the graphene lattice will match that of the substrate, it is likely to see
neighbouring domains grow together and form a larger domain by a self-healing process
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Table 2.3.: The effects of different Ni surfaces on graphene growth. Data taken from Mafra
et al.[111].

Unit (111) (110) (100)
G-Ni distance nm 0.211 0.203 0.213

C Adsorption energy meV at−1 164 209 180
Diffusion energy into eV 0.5 0.72 1.15

Diffusion energy across eV 0.25 0.53 2.17
Dimer formation eV -0.33 0.11 2.38
Surface energy ergs cm−1 1606 2057 1943

that can align the grains[182]. It has been shown that on this surface, dimers will attach
themselves to the edge of a graphene domain all along the edge[168].

Two similarly favourable formation orientations of graphene exist on the (111) surface, re-
sembling the stacking of the hexagonal close packed (hcp) (ABCABC) or fcc structure.[125]
As both arrangements are similarly likely, they form domains that will not be compat-
ible to grow together, so that nucleation must be suppressed to grow large domains or
graphene[125].

(110)

Mafra et al. describe that on the (110) surface, dimers are not the favoured state[111]. This
makes dimer formation and the two diffusion modes similarly likely and has the three
in competition. At high enough precursor flow rates, this will allow for relatively high
carbon concentration at the surface before the bulk saturates. With higher concentrations, the
concentration of carbon atoms and dimers will lead to clustering and graphene formation.
This process is more favourable for lower temperatures, when the balance is leaning towards
diffusion across the surface rather than into the bulk. On this surface, adsorption of carbon is
less favoured, so that the rate of deposition is slower than on the (111) surface. Due to lattice
mismatch, many different graphene grain orientations are expected, leading to lower-quality
graphene. The strain induced in the graphene leads to a buckling of 0.29 Å, a phenomenon
that will be more closely explained in the following section.

(100)

The motivation to investigate (100) Ni is twofold: On the one hand, it was found that
graphene growth on this structure is self-limiting to a single layer[111]. On the other hand,
this orientation makes characterisation of graphene easier, as the nickel crystal makes a
moire pattern with the graphene that can be observed with microscopy[121].

Both in-situ and theoretical studies of graphene CVD on Ni(100) surfaces are performed by
Zou et al.[121]. As the atoms in the (100) plane are mismatched with respect to the graphene
lattice, two effects are observed, depending on the domain size: With less than 15 carbon
atoms, the graphene lattice is compressed to form on top of the existing sites. When the
domain exceeds this size, the combined stress causes the graphene layer to buckle, forming
an undulating pattern above the nickel surface (see Figure 2.11). This allows the atoms to
both sit in the energetically favourable positions of the nickel surface while maintaining the
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2.4. Graphene on Nickel

Figure 2.11.: Effect of lattice mismatch: Undulating graphene layer on Ni(100) surface. The
image shows both a schematic representation as well as STM images of the phenomenon.
Image taken from [121].

desired interatomic spacing of graphene. A similar, but less pronounced, effect is observed
on the (110) surface.

As the strongly bound surface carbide phase is very stable, diffusion and dimer formation
are unlikely on this surface.[111] The preferred diffusion mode is into the bulk (see Table
2.3), which makes the formation of a singular graphene layer difficult and unlikely.

Polycrystallinity

In all of the above cases, individual, large grains of nickel were used to describe the mecha-
nisms of graphene growth. Polycrystallinity, as found in large-scale applications, will affect
the growth as the above surfaces can all be present on the surface, along with others that are
yet to be investigated.

Different independent research groups have already shown effective growth of graphene on
nickel samples by CVD [183, 184, 185]. Generally, these samples are textured, so that the
different grains have the same surface parallel to the surface, e.g. (111)[183] and (100)[184].
Nevertheless, it has been shown that graphene of few layers thickness can be grown on
samples with random grain orientation[186, 187].

Zou et al. have shown that the understanding of growth effect of monocrystalline substrates
can be extrapolated to the behaviour in polycrystalline nickel substrates[184]. Polycrys-
tallinity leads to both an increase in nucleation sites[185] and misalignment angles[183],
which both lower the quality of the resulting graphene layer. While a microscopic under-
standing of the full process is not available due to complexity, the influence of individual
parameters such as the presence of an inert gas[186] and the concentration of the reduction
agent (H2)[187] are investigated for the process. Thorough descriptions are available of the
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(a) (b)

Figure 2.12.: Effect of Ni grain boundaries on graphene formation. (a) SEM micrograph of
Ni substrate taken from [188]. (b) schematic image of graphene on polycrystalline Ni,
taken from [133].

macroscopic effects of these changes, that can help to inform the choice of process without
exact microscopic understanding of the kinetics.

Substrate defects

Industrial-scale substrates will contain inherent imperfections and an understanding of the
effect of these on the final product is important to determine adequate pre-treatments. The
defects described in this section include grain boundaries, surface topography and point
defects such as oxidation sites.

Zhang et al. provide a comparison of CVD-grown graphene on mono- vs polycrystalline
Ni[133]. They find that carbon is more likely to precipitate to the surface at a grain boundary
than in the bulk of a crystal. Combined with the topographical height difference typically
associated with grain boundaries (see Figure 2.12a), this makes grain boundaries provide
sites for a large accumulation of carbon atoms, as shown in Figure 2.12b. Hereby, the depth
of the grooves and the densities of grain boundaries strongly affect the average thickness.
The authors describe grain boundaries as nucleation sites, both for graphene formations,
as well as for the formation of consecutive layers, so that the polycrystalline samples are
generally covered in a higher number of graphene layers than a monocrystalline sample
treated under the same conditions.

Akhtar et al. tested the dependence of nickel grain size on graphene formation.[188] They
found that larger grains facilitate better SLG formation, further confirming that grain bound-
aries are hot spots for growth of additional layers.

An investigation of growth at steps on the nickel (100) surface was performed by Zou
et al.[121]. They found that graphene grows across a monatomic step, covering the sam-
ple continuously. Mechanically, the growth is facilitated by diffusion processes. Graphene
atop the higher plateau interacts with the underlying nickel to make the step recede, causing
the graphene layer to fall onto the lower level, a process they call ”downhill landing”. At
steps of multiple atomic height, the authors found that the carbon dissolution allows for the
topmost step to recede, as above, and repeat this process until the lower stage was reached,
forming terraces, or stairs, of the nickel surface and coating them all, as shown in Figure
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(a) (b)

Figure 2.13.: Images of graphene growth at steps on the Ni(100) surface. (a) exhibits both
schematically as well as by STM imaging the formation of multiple monatomic steps of
equal width. (b) shows schematically and by STM the undulating nature of the graphene
layer above these steps. Images taken from [121].

2.13. The steps formed are found to be of equal width, a width in line with the undulations
observed atop a smooth (100) surface (as shown in Figure 2.11). This finding is supported
by both Density Functional Theory (DFT) simulations as well as in situ observations under
STM.

The growth of such a continuous layer of carbon across steps has also been observed on
Ni(111) and other transition metals, even though the mechanisms are not fully known[102].

Further kinetic factors

Beyond the above, several other process parameters can influence the growth of graphene.
In this section, environmental conditions and the formation of defects in the graphene layers
will be discussed.

As a pre-treatment, nickel substrates are reduced, generally using H2. The flow rate can,
however, greatly influence the formation of graphene[125]. The domain shapes shown in
Figure 2.9 are associated with the partial pressure of hydrogen during the growth process,
yielding polygonal shapes at high pressures and fractal-like shapes at low pressures[125].
Graphene domain growth can be terminated through two mechanisms: By bonding to
the substrate or bonding hydrogen atoms. As shown in Figure 2.15, hydrogen-terminated
growth becomes more likely at higher H2 pressure[189]. The latter mechanism affects the
number of graphene layers. By hydrogen termination, diffusion of carbon through the
graphene layer is made more favourable, leading to the formation of more layers[190]. In
the absence of hydrogen, neighbouring graphene domains will be covalently bonded in hep-
tagons and pentagons, creating a grain boundary[191], as shown in Figure 2.14b. Hydrogen-
terminated domain boundaries will interact differently, ultimately leading to an overlap of
the domains as shown in Figure 2.14a[192]. Increased pressure and misalignment between
the domains increases the likelihood of this type of domain boundary forming[192].

Oxygen has also been used in small partial pressures to aid the formation of graphene. It has
been shown that the addition of O2 can suppress the nucleation density through passivation
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(a) (b)

Figure 2.14.: (a) Simulated schematic of neighbouring graphene domains overlapping. Im-
age taken from [192]. (b) ADF-STEM image of graphene domain boundaries forming
pentagonal and heptagonal formations. Image taken from [191].

Figure 2.15.: Graph of the dependence of graphene domain edge termination on the partial
hydrogen pressure on Cu(111). For Ni(111), the same relationship holds at pressures three
orders of magnitude higher. Image taken from [189].

of active sites and lower the activation energy for growth[193]. Furthermore, it has been
shown that it can aid the decomposition of hydrocarbon precursors[194]. These findings
are made for copper substrates, showing an effective acceleration of the growth process,
while its effect on nickel is largely unexplored[195]. On nickel, oxygen can lead to altered
electronic properties of the graphene layer[196]. An oxygen layer on nickel has proven to be
effective at hindering diffusion into and out of the bulk of nickel, allowing for more precise
control in growing single or few-layer graphene[197].

Point defects in the graphene lattice can occur in the form of vacancies, as single or double
vacancies. These well exhibit pentagonal and heptagonal structures, respectively[198]. Once
they are formed, they rarely regrow or heal on nickel by annealing practices[199]. Murdock
et al. found that impurities provide nucleation sites and therefore decrease the graphene
quality. Furthermore, they found that other nanoparticles might be present at the surface
due to contaminants[200].
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2.4.3. Properties and established methods

Pu et al. show that a graphene coating can significantly improve the corrosion resistance and
conductivity. In their experiment they compared bare steel to steel with a nickel-graphene
layer[201].

Stokbro et al. discuss an atomic-scale model on contact resistance.[202] Their model predicts
a significantly lowered contact resistance, in good accordance with literature values deter-
mined experimentally[20]. Furthermore, they found that their model predicts the contact
resistance between G and Ni to be independent of grain orientation and the total contact
area. The contact resistance of the nickel/graphene stack is independent of layer thickness
for few-layer graphene[20]. Kim et al. have shown that graphene can be used to effectively
lower contact resistance on current collectors in lithium-ion batteries[203].

In their 2019 paper ”Electrical properties of graphene-metal contacts”, Cusati et al. explore
the contact resistance between graphene and metals both experimentically and through a
model.[204] Their model takes into account the difference between local Fermi energies and
the energy state in the centre between two neighbouring atoms on the surface (Ni-Ni or
C-C). From these energies, a picture of the Dirac point ED distribution can be constructed.
This contains information on the location and flow of electrons. Two dipoles can be identi-
fied. The first is induced by charge concentrations on the surfaces of both materials through
charge transfer. The second is given by the decay length of ED from the surface. By taking
the difference of the Fermi energy and the Dirac point at the interface, the quantity ∆EFcont
is defined. From here, it is found that the architecture of the Ni/G interface has negligible
impact on the electrical properties. The authors propose and validate that contact resis-
tance is linearly related to the sheet resistance of the material. Therefore, sheet resistance
measurements can be performed to find the contact resistance of graphene-coated nickel.

The CVD approach to graphene formation is not new. Several patents on the topic have
been granted, from as far back as 2009[205]. Most of these focus on the production of
graphene sheets and thus include etching the nickel catalyst to leave free graphene to be
deposited on any substrate, rather than using it as a coating for the substrate it is grown
on[205, 206, 207]. Each of these methods requires a nickel or part-nickel layer for growth
that is hundreds of nanometers in thickness, similar to the material in question. They all use
polycrystalline substrates and yield good coverage of few-layer graphene. Nevertheless, this
requires complicated pre-processing steps and long annealing times that are not realistic for
the current application.

2.4.4. Summary

In Table 2.4, the effects most important parameters are summarised. In general, the temper-
ature ranges for the process are determined by precursor decomposition and can be found
in Table 2.1. A higher temperature is associated with increased diffusion of carbon into the
bulk of nickel. This is to be minimised to lower the amount of carbon precipitating to the
surface, leading to formation of multiple graphene layers.

The flow rate of the precursor will affect the availability of carbon at the surface. In general,
a higher availability of carbon can increase the amount of adsorbed carbon and thus layer
number. Hydrogen is used to reduce the substrate to minimise the effect of an oxide passi-
vation layer. An increase in hydrogen can detrimentally affect the properties of graphene,
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as neighbouring hydrogen-terminated graphene domains will overlap, leading to a local
bilayer. The exposure time of the precursor to the substrate leads to more growth. This
needs to be balanced, allowing for enough time to maximise coverage of the substrate while
stopping soon enough to minimise the number of grown layers, especially considering the
precipitation of carbon to the surface upon cooling. Generally, the shortest possible cooling
time (highest cooling rate) leads to the best graphene coverage, as carbon is given the least
time to precipitate to the surface.

Table 2.4.: Summary of process parameters and their effect on the resulting graphene layer.
Parameter Unit Effect of increase

Temperature ◦C
Faster growth
More bulk diffusion
Increase in layer number

Precursor Flow Rate mL s−1 Higher carbon availability
Increase in layer number

Hydrogen Flow Rate mL s−1 More overlapping graphene domains

Exposure Time s Larger coverage
Increase in layer number

Cooling rate ◦C s−1 Less carbon precipitation
Less graphene layers
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2.5. Raman Spectroscopy

(a) (b)

Figure 2.16.: (a) Typical spectrum of a perfect graphene layer (top) and a single layer of
graphene with many imperfections. Image taken from [208]. (b) Shape of the G’ peak in
the Raman spectrum of a graphene sample depending on the number of layers. Image
taken from [22].

Due to its high optical transparency and atomic thickness, graphene characterisation re-
quires advanced techniques. Most commonly, Raman spectrometry is used to investigate
the quality of a graphene layer[208]. In this section, the characterisation of graphene by
Raman spectrometry will be explained and other tools available for amending information
to the gathered data will be mentioned.

The basic tool of a Raman spectrometer is an optical laser.[209] The monochromatic light
interacts with the electrons in the sample, exciting them to a higher energy level. Upon
relaxation of the electrons to a lower energy level, they emit a light. Depending on the
energy levels the electron is excited and relaxed to, different phenomena can be observed,
namely elastic or inelastic scattering of light. Elastic scattering (Rayleigh scattering) yields
light of the same energy both absorbed and emitted by the matter. If energy is scattered
inelastically and a different amount is emitted than absorbed, this is referred to as the Ra-
man phenomenon. Absorption of energy occurs by interaction of the excited electron and
the surrounding matter, by e.g. transferring the energy into lattice vibrations (phonons).
Rayleigh scattering is typically six orders of magnitude stronger than the Raman effect.

The measured quantity is the shift in wavenumber by the Raman phenomenon in cm−1.[209]
The shift corresponds to the difference in energy between the laser light and the light emitted
by relaxation of electrons in the sample. As this is a statistical process, each Raman shift has
a certain probability of occurring upon illumination with laser light. These probabilities are
quantified by the intensity of the respective Raman shifts, which are in turn characteristic of
a given material.

Linear dispersion near the Fermi energy and a zero band gap make graphene uniquely
responsive to Raman spectroscopy, as any wavelength of light can be absorbed and resonance
phenomena can freely occur, containing information on electrical properties and atomic
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structure[208]. Graphene has a characteristic Raman spectrum as shown in Figure 2.16a. The
G and G’ (also known as 2D) bands correspond to sp2-hybridised C-C bonds[22], while the
D band provides information on the defects and imperfections of the graphene layer[135].
These bands are attributed to complex electron-phonon interaction in graphene.[22] The
shape of the G’ band is commonly used to quantify the layer number in few-layer graphene,
as shown in Figure 2.16b.
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In this chapter, the characterisation methods and the setup of the experiments are described.
First, the setup used for in-situ CVD is described, along with the materials used in this study.
This includes the systems required to carry out the masurements, the samples and the gases
used for CVD. Second, the characterisation of in-situ growth are described. Following the
theory described in the previous section, the settings and setup of the Raman spectroscope,
and complementary optical microscope, are elaborated. Last, the post-analysis methods of
SEM and EDX are elaborated on.

3.1. CVD setup

3.1.1. Heat Cell Linkham TS1500

To expose the samples to a controlled environment for CVD experiments, they are placed
in a Linkham TS1500 High Temperature Heating Stage. This cell can be inserted into the
Raman Spectroscope and allows for both Temperature control and controlled gas flow, as
it is a water-cooled chamber with a small volume. Temperature-control is provided by a
PID controller as delivered by the supplier and an S-type platinum/ rhodium thermocou-
ple. Temperature profiles can be programmed with ramp rates up to 200

◦C
min from room

temperature to 1500 ◦C.

Figure 3.1.: Annotated photograph of the Linkham cell with an indication of the flow rates
and the position of the hot stage.
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An image of the open heat cell is shown in Figure 3.1. It can be seen here that the gas enters
through a small opening at the top and leaves through a similar opening in the bottom,
filling up the entire volume. The hot stage is situated in the centre, with an alumina lid to be
placed on top. This serves three purposes: It allows for more accurate temperature control,
as the heated volume is minimised, protects the spectroscope from thermal radiation (noise)
and protects the equipment from heat. Unfortunately, it hinders gas flow onto the sample,
as it is situated inside the cup with only one opening, a 1.5 mm-diameter hole. By the small
volume of the heated cup, the sample size is restricted to 5x5 mm squares.

3.1.2. Setup

the sample is heated to the desired temperature at maximal heating rate (200
◦C

min ). This
is set to 700 ◦C as in the up-scaled tests, unless specified otherwise. Upon reaching that
temperature, the hydrogen gas flow is closed and acetylene opened. The dead time of the
gas flow is dependent on the flow rate as shown in Figure 3.2. If not specified otherwise, the
flow is set to 80 nmL

min . It can be tuned in the range from 10 to 110 nmL
min .

Figure 3.2.: Reference for the dead time of the used system versus flow rate. Determined by
reduction of NiO with H2 gas flow, leading to sudden discolouration.

After the required volume of acetylene has been deployed, the source is closed again and the
sample subjected to hydrogen. In the up-scaled version, the steel is subjected to acetylene
environment for 5-15 s, after which it is immediately quenched. As quenching is impossible
in this assembly, the acetylene exposure is limited by time and cooling at 200

◦C
min to room

temperature performed immediately after the exposure of C2H2 has ended. With the stan-
dard flow of 80 nmL

min , the dead time is 30 s, meaning that the cooling will be started half a
minute after the acetylene source has been closed.

From the moment the desired temperature is reached, a Raman measurement is started.
Here, 4 different points are measured cyclically with each acquisition taking roughly 1 s.
Each of these measurements is taken at 10% laser power using the extended feature of the
Raman controller, which stitches measurements from different ranges together. This allows
for collection of a spectrum that encompasses both the regions associated with Ni and Fe
oxides (200 cm−1 ≤ n ≤1300 cm−1) and graphene (1300 cm−1 ≤ n ≤3000 cm−1). Overall,
the spectrum will be collected from 150 cm−1 to 3500 cm−1. The expected result is that
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3.1. CVD setup

the graphene formation can be traced on different parts of the sample, with a qualitative
analysis of the relative peak heights. Specifically, the quality of graphene will be estimated
by the relative intensities of the D and G peak, whilst the peak position of the 2D band and
its relative height compared to the G band can be used as an estimate for the layer number.
By the rapid measurements, the hope is that the formation of the graphene layer can be
observed. After cooling, an optical microscopy image is taken across an area of 300x500 µm,
which will be compared to the same image before the CVD treatment.

Process Parameters

Figure 3.3.: Schematic representa-
tion of the CVD process and its
parameters, based on flow rate
and temperature. Red: Acetylene
flow, Blue: Hydrogen flow.

In the scaled-up version of chemical vapour deposi-
tion, there are three main process parameters: Firstly,
the temperature at which the deposition takes place
can be tuned. With literature available describing C2H2
CVD at 450 ◦C[145], this will be chosen as the lower
end of the investigation. The scaled-up version can
not perform the process above 725 ◦C, which is why
the fixed temperature for testing other parameters is
chosen at 700 ◦C. At the high end, the investigation
is performed up to 850 ◦Cto determine the merit of
higher temperatures. In this setup, it is not possible to
quench the samples, so that the effect of cooling can
not be investigated. To remain consistent, the maxi-
mal cooling rate of 200 ◦C min−1 will be applied to
all tests after soaking at the high temperature.

The next parameter to be investigated is the exposure
time of the gas to the substrate. In the scaled version,
this is governed by the speed of the steel strip, be-
tween 5-20 s. The present investigation will include
the range from 1-60 s to determine its effect on the
sample. This will be timed by opening and closing
the C2H2 inlet for the given period of time. Due to
pressure build-ups in the system, the piping must be
flushed before switching from H2 to C2H2, leading
to a significant increase in inaccuracy in the timing,
which will be around 1 s.

As mentioned above, the steel will be quenched im-
mediately after exposure in the large setup. By ap-
proximation, this is emulated through starting the cool-
ing just as the acetylene flow is stopped. This re-
sults in the parameter holding time, which is the time
from

starting the acetylene flow to the start of cooling. In general, this is the sum of the exposure
time and dead time of the system. By extending this time, it is tested whether an annealing
procedure directly after CVD would affect the graphene.

The last process parameter critical to both the in situ test as well as the up-scaled line is the
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3. Materials and Methods

Table 3.1.: Summary of the process parameters, their fixed values and the scope of the inves-
tigation.

Parameter Unit Range Fixed value
Temperature T ◦C 450-850 700

Exposure time texp s 1-60 15
Holding time tH s 30-120 45

Flow Rate nmL
min 20-110 80

flow rate. Although there is no good quantifiable comparison between the rates, trends can
be investigated in situ and used to characterise effects on the scaled product. The gas setup
allows for flow rates controlled in normal mL per minute, ranging from 20-110 nmL

min . As this
affects the dead time of the system, a relatively high rate of 80 nmL

min is chosen, which allows
for good control of the flow.

3.1.3. Materials

In this investigation, the materials used are the different substrates for the following CVD
analysis, i.e. nickel-plated steel (NPS), NPS coated with graphene and pure nickel. These
are each cut to squares of 4 mm side length to fit inside the heating cell. Each material was
analysed in both ambient air and a reducing environment of nitrogen and hydrogen.

A layer of 0.3 µm Ni electroplated on low carbon steel exposes both nickel and iron atoms
to the surface, as this thickness is smaller than the diffusion depth of nickel and iron.

Table 3.2.: Substrates investigated in this analysis
Substrate Thickness Surface Composition Expected Oxide

NPS
0.3 µm Ni
100 µm steel
1.5 µm Ni

60% Ni, 40%Fe NiO,Fe2O3,NiFe2O4

NPS (thick side)
1.5 µm Ni
100 µm steel
0.3 µm Ni

Ni NiO, NiFe2O4

Ni 500 µm Ni NiO

Four different gases are available for flow into the heat chamber. An inert atmosphere can be
produced using argon gas or nitrogen. A mixture of hydrogen and nitrogen gas is available
to produce a reducing environment. This mixture of 10 at% H2 and 90 at% N2 will be
referred to as hydrogen gas, or reducing environment, throughout the thesis. The fourth
available gas is a mixture of the hydrogen-nitrogen mixture and 1 at% acetylene (C2H2). It is
used for graphene CVD experiments in a reducing environment, to ensure a purely metallic
substrate surface.
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3.2. Experiments

3.2. Experiments

The experiments can be broken up into two main series: Spectroscopic and chemical vapour
deposition. In the former, the substrates for the CVD analysis are investigated spectroscopi-
cally. This includes pre-programmed temperature profiles as described above, to observe the
behaviour of the spectra with temperature, specifically observing peak positions and inten-
sities. Heating of the substrates is performed in either air or hydrogen environment. During
the test, both optical images and Raman spectra are taken in regular 30 s intervals to track
the evolution of the sample. After having cooled down to room temperature, the samples’
Raman spectra are determined over larger surface areas to investigate the homogeneity of
the observed effects and possible correlations to optically visible differences on the surface.
Interesting results are consequently investigated with SEM/ EDX.

CVD experiments are performed using both the thin nickel coating on steel as well as the
pure nickel substrates. During these tests, the substrates are heated to the desired temper-
ature, in the ranges shown in Table 3.1, subjected to the acetylene flow and cooled after the
set amount of time, as in the table. The results will be collected as Raman spectra on four
different positions throughout the cooling phase, one per second. Afterwards, the samples
are observed under an optical microscope, in Raman analyses and potentially with SEM/
EDX.

3.3. Raman Spectroscopy

The basic tool of a Raman spectrometer is an optical laser.[209] The monochromatic light
interacts with the electrons in the sample, exciting them to a higher energy level. Upon
relaxation of the electrons to a lower energy level, they emit a light. Depending on the
energy levels the electron is excited and relaxed to, different phenomena can be observed,
namely elastic or inelastic scattering of light. Elastic scattering (Rayleigh scattering) yields
light of the same energy both absorbed and emitted by the matter. If energy is scattered
inelastically and a different amount is emitted than absorbed, this is referred to as the Ra-
man phenomenon. Absorption of energy occurs by interaction of the excited electron and
the surrounding matter, by e.g. transferring the energy into lattice vibrations (phonons).
Rayleigh scattering is typically six orders of magnitude stronger than the Raman effect.

The measured quantity is the shift in wavenumber by the Raman phenomenon in cm−1.[209]
The shift corresponds to the difference in energy between the laser light and the light emitted
by relaxation of electrons in the sample. As this is a statistical process, each Raman shift has
a certain probability of occurring upon illumination with laser light. These probabilities are
quantified by the intensity of the respective Raman shifts, which are in turn characteristic of
a given material. Resulting is a spectrum of all Raman shifts induced in the sample.

In this study, a Raman spectroscope with built-in optical microscope by Renishaw is used.
The light source is a 532 nm 50mW laser. The optical microscope is equipped with a 50x
long working distance magnifying lens. The light spectrum is achieved by diffraction using
a grating with 1200 l

mm . It is found that for the materials in this study there are two settings
of the spectroscope to be considered. The oxides of the substrate can be observed at maximal
laser power with an exposure time of 20 s. Graphene is more prone to damage by the laser
and 10% laser power (5 mW) for one second is enough to yield clearly defined spectra when
accumulating 16 consecutive measurements.
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3. Materials and Methods

Typically expected peaks of the materials commonly used in this study are shown in Table
3.3. The exact peak positions and heights of the peaks can depend on temperature and grain
orientation, as can be seen in Figure A.1.

Table 3.3.: Theoretical and Experimental peak positions of the materials used in this study
at room temperature. Examples of these spectra are provided in Section A.
∗b=broad peak, sh=sharp peak

Material Type Expected peaks∗ (cm−1) Ref

Fe2O3 Oxide
225 412
245 500
294 610
298 1320(b)

[210, 211, 212]
[213, 214]

Fe3O4 Oxide 300-320
535-550
665-680

[215]

NiFe2O4 Oxide 339 579
483(sh) 655(sh)
490 700

[216, 217]

NiO Oxide 380-410 900-950
520-550 1050-1100
730-780 1450-1500

[218, 219]

Graphene Coating

1580
1350
2700
1610

[208, 22]

Ni, Fe Metals No Signal
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3.4. Scanning Electron Microscopy (SEM)

3.4. Scanning Electron Microscopy (SEM)

SEM and EDX are used to characterise the microscopic features of the samples with respect
to topography and composition. In the following, the basic functioning, the tools used and
settings will be explained.

The term scanning in the name refers to the function of directing the electron beam at the
sample across the sample, collecting the information from each acquisition as a pixel on
screen, moving across the sample to form the entire image. An electron beam is used to
increase the resolution of the obtained images with respect to optical microscopy. By wave-
particle duality, electrons can be described as waves. Shorter wavelengths as compared to
optical light provide a better resolution for electron microscopes by the Rayleigh criterion.
The focused electron beam interacts with the sample in a variety of ways at different pen-
etration depths, as depicted in Figure 3.4. The primary mode used for this analysis are
secondary electrons. These are generated near the surface of the sample, at sub-micron
depth when an incoming (primary) electron scatters inelastically with an electron in the
sample, liberating it from the atom. A portion of these liberated (secondary) electrons will
escape the sample and travel to the detector, where the number of Secondary Electrons (SE)
is counted, resulting in different count rates depending on topographical differences at the
surface. This makes it a powerful tool for observing nanometre-sized phenomena on the
surface.

Figure 3.4.: Schematic cross section of the interaction volume of a focused electron beam and
a sample with different interaction modes in each depth. Image taken from [220].

When primary electrons kick electrons out of the inner shells of an atom, outer electrons
will seek to replace them, resulting in light emitted equal to the energy difference between
the different electronic states. These energies are characteristic of elements, so that the
composition of a sample can be determined by measuring the energy of the emitted x-rays.
This process is called EDX.

In this study, a seconday electron microscope of Zeiss (GeminiSEM) is used. The acceleration
voltage is set to 10 keV so as to include the Kα and Lα peaks of both Ni and Fe for the EDX
analysis. This results in resolutions up to individual nanometres.
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4. Results and Discussion: Substrate
analysis

4.1. Pure Ni

Optically, the oxides forming on nickel by heating are distinguishable by discoloration. As
shown in Figure 4.1, eight distinct colours can be observed throughout heating the sample.
Starting at 500 ◦C, the sample turns from the initially bright yellow/ brown to a darker
orange. Around 600 ◦C, blues start to form until they are replaced at 640 ◦C by bright
grey/ whites. Upon further heating, the sample turns yellow and then red nearing 700 ◦C.
Holding this temperature, the reds make way for green after 20-30 s. During cooling, the
latter two colours remain prevalent, with greens and reds dispersed across the sample sur-
face. These colours can be used to identify oxidisation on samples quickly and address the
environmental composition that allows for oxidation. The apparent colour inhomogeneity
comes from rolling defects and therefore topographical differences giving rise to scattering
effects. Likely, these colours can be attributed to the thickness of the oxide layer.

Figure 4.1.: Optical micrographs of heating pure Ni in air at different temperatures, as pro-
vided in ◦C.

At room temperature, no Raman signal is detected, as metallic Ni is not Raman active. The
first signal is collected at 500 ◦C: The 1070 cm−1 peak associated with NiO is measurable,
correlating the discolouration with oxidation. Upon further heating, peaks around 550 cm−1

and 1070 cm−1 , paired with smaller features around 400 cm−1 and 700 cm−1, are measured,
all corresponding to literature values of NiO as given in Table 3.3. Throughout cooling,
these features are visible, with the 1100 cm−1 and 550 cm−1 peaks dominant. Below 150 ◦C,
the expected peak around 1500 cm−1 can be measured, usually the strongest and defining
feature in for NiO in literature. As this is the only peak generated by magnon interactions
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4. Results and Discussion: Substrate analysis

(the others by phonons), the magnons are not produced/ excited by the laser at higher
temperatures, as it is above the Neél Temperature of NiO (523 K)[221]. At this temperature,
the 1100 cm−1 peak becomes less intense than the 550 cm−1. Due to this, a small peak near
900 cm−1 can be distinguished, a feature also associated with NiO (see also Figure A.1).
The spectra at both high temperature and room temperature (after cooling) are shown in
Figure 4.2. The peak position of the the 1100 cm−1 peak shifts to higher wavenumbers upon
cooling, from 1067 cm−1 at 700 ◦C to 1100 cm−1 at room temperature. This blue shift with
cooling is as expected due to thermal expansion. Opposingly, the 550 cm−1 peak shifts from
547 cm−1 to 526 cm−1. This peak is produced by a one-phonon mode, while the 1100 cm−1

peak is produced by a two-phonon mode[221]. Nevertheless, no other mention of such a
redshift upon cooling is found in literature. These are commonly associated with phase
transformations, stress relaxations or a variety of other effects[209]. In this case, however,
the effect is not likely to stem from crystal phenomena, as this should equally affect the two-
phonon modes. Therefore, it can only be an effect of the oxide layer continuing its growth
throughout the cooling region or the interaction of these LO phonons with other phonons
or resonance. The phenomenon is observed on three different samples, albeit with different
amounts of the shift.

(a)

(b)

(c)
Figure 4.2.: Raman spectra of NiO at 700 ◦C and room temperature (a), as well as the tem-

perature dependence of the 550 cm−1 (c) and 1050 cm−1 (b) peaks.

When subjecting the samples oxidised as above to hydrogen, they were all fully reduced by
hydrogen. Specifically, it was observed that the oxidation was reversed. Both optically and
spectrographically, all traces of oxidation were eliminated. This reaction took place above
500 ◦C in the presence of hydrogen. By this visual change, the dead time of the system was
determined to be 15 s. It was found that pure nickel samples remain unchanged throughout
heating in the presence of hydrogen gas.

The Raman spectrum of Nickel exhibits a strong peak at 1500 cm−1 in this setup. As the
Graphene G band is located at 1580 cm−1, particular caution is to be taken with CVD on a
Ni substrate to prevent oxidation so as to succesfully characterise the graphene spectrum.
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4.2. Nickel-Plated Steel (thin coating)

4.2. Nickel-Plated Steel (thin coating)

When heating the sample in air, optical micrographs decrease in brightness. This begins
at 500 ◦C and happens at increasing rate with increasing temperature. Figure 4.3 displays
the development of a sample surface throughout heating. It can be seen that the sample
discolours from a yellow-brown to a darker brown. The colours as observed on Ni are not
seen on this sample. The diagonal features are introduced by cold rolling.

Figure 4.3.: Optical micrograph of the NPS sample’s 0.3 µm coating thickness during heating
at different temperature points, given in ◦C.

In the SEM footage shown in Figure 4.4, it can be seen that oxidation has induced some
topographical differences. Darker regions in the secondary electron images display larger
areas lying lower, with EDX showing equivalent compositions. Locally, small crystals have
formed on the surface. In the lower regions (between surface crystals), the nickel concentra-
tion is determined to be between 50 and 60 at%, while it reduces to 15-30 at% on the crystals
on top of the surface. The oxygen concentration is constant across the sample. The EDX data
was collected at 10 kV acceleration voltage, i.e. an estimated penetration depth of 0.5 µm.
The formed crystals are therefore associated with oxides of higher iron concentration. Scat-
tering occurs at these nanofeatures, making them appear less bright in the optical images.
Larger regions without the crystals appear brighter, resulting in bright spots in Figure 4.3.

(a) (b)

Figure 4.4.: Secondary electron images of oxidised nickel-plated steel at two magnifications.
(a) shows a similar area as Figure 4.3, while (b) is a close-up of crystal features.
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4. Results and Discussion: Substrate analysis

Figure 4.5.: Normalised Raman spectra of the oxidised sample and the reference spectrum
for hematite. The three additional peaks are highlighted with their specific energies.

Upon cooling from 700 ◦C, Raman signals are detected, most prominently the 1300 cm−1

peak associated with Fe2O3. After the heat treatment, at room temperature, the signal is
collected as shown in Figure 4.5. It resembles the spectrum of hematite (Fe2O3), while also
exhibiting three additional peaks at 330, 480 and 700 cm−1. These are attributed to the
inverse spinel structure of the oxide NiFe2O4. A mixture of the two oxide crystals is thus
found. Figure 4.5 depicts the observed spectrum and a reference for pure hematite.

As the spectrum resembles neither pure Fe2O3 nor pure NiFe2O3, both forms of the oxides
must be present. By the relative intensity of the peaks associated with either one, an estimate
can be made for the composition of those spots. The different-coloured regions in Figure 4.3
yield spectra shown in Figure 4.6. Darker areas contain only small amounts of NiFe2O4 and
are thus considered Fe2O3, while the lighter spots show strong NiFe2O4 peaks and are thus
considered a mixture with larger amounts of nickel. This is further confirmed by the SEM
micrographs of Figure 4.4. EDX measurements show that the Ni concentration is higher in
the regions with a lower surface crystal concentration, i.e. the bright spots. It can thus be
understood that the crystals are hematite with the inverse spinel below on the substrate. As
these features are smaller than the resolution of the Raman spectroscope (1 µm), a mixture
of the signals is detected.

(a) thin side (b) thick side

Figure 4.6.: Raman spectra of the dark (red) and light (blue) spots as shown in Figure 4.3.

When heating the samples in a hydrogen environment, no Raman spectra are collected, i.e.
no oxides are formed. When subjecting the oxidised samples to hydrogen, they were re-
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4.3. NPS (thick coating)

duced to metallic material. This reduction is observed above 500 ◦C only. As the hematite
crystals introduced topographical changes, these are still observed on the sample after re-
duction. These are smoothed out and shown in Figure 4.7. EDX measurements still indicate
higher Fe contents on the higher areas than the lower areas.

Figure 4.7.: SEM micrograph of the oxidised NPS samples after reduction in H2 at 600 ◦C.
The same elevation changes are visible as in Figure 4.4 albeit more smoothed out.

4.3. NPS (thick coating)

While heating to 700 ◦C, the material exhibits colour patterns similar to those of pure Ni (see
Figure 4.1). These are depicted in Figure 4.8. After extended time at 700 ◦C, the surface of the
sample exhibits discolouration similar to the thin side (Figure 4.3): The sample’s reflectivity
decreases and individual spots remain more reflective than the majority of the surface. In
comparison, the thicker side exhibits a larger amount of bright areas compared to the thin
side.

Figure 4.8.: Optical micrographs of the 1.5 µm nickel coating at different temperatures in air.
The colours appear analogous to those on pure Ni.

The measured spectrum is comparable to that of thin side, with the only difference the
relative intensities of the peaks associated with the spinel structure, as shown in Figure 4.6.
The thick side has stronger relative intensities of the peaks associated with NiFe2O4. A lower
density of hematite crystals on the surface leads to both larger bright spots (orange areas in
Figure 4.4b) and more clean measurements of the bright spots as the hematite crystallites
from Figure 4.4 are further apart so that the spectrum is representative of the lower part
only.
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4.4. Graphene-Coated Nickel-Plated Steel

4.4.1. In Air

The graphene-coated NPS samples behaved the same optically as uncoated and shown in
Figure 4.3; above 500 ◦C, brightness decreases with individual bright spots. Both spectro-
scopically as microscopically, the same phenomena are observed during cooling as above.

In contrast to the previous samples, graphene is Raman active at room temperature, with
Graphene spectra as shown in Figure 4.9. During heating, the collected signal decreases in
intensity until vanishing at 650 ◦C, 6 min after starting the heating process. During heating,
the peak position of the G and D peak shifts to lower wavenumbers, as expected during
heating by thermal expansion. Figure 4.9d shows the peak intensities throughout heating.
During thermal expansion, the measured spot on the sample shifts slightly, resulting in vari-
ations in intensity. Nevertheless, a decreasing trend is observed, associated with the burning
of graphene into CO2. When the signal fully disappears at 650 ◦C, the graphene layer has
been burnt off completely and the sample experiences the same oxidation as the uncoated.
This is also illustrated in Figure 4.10, where the SEM micrographs of these samples are
shown to exhibit oxide crystals on the surface in similar fashion to the uncoated sample.
In successive experiments, it was found that the graphene layer successfully protects the
sample from corrosion up to 550 ◦C.

(a)

(b) (c) (d)

Figure 4.9.: Raman Spectrum during heating of the graphene-coated nickel-plated steel sam-
ples. (a) gives the Raman spectra during heating at three different temperature points,
(b,c) the temperature evolution of the G and D peak, respectively, and (d) the intensities
of both peaks versus temperature.
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(a) (b)

Figure 4.10.: Secondary electron micrographs of samples with burnt-off graphene layer at
700 ◦Cin air.

4.4.2. In Reducing Environment

Upon repeating the experiment in a H2 environment, the same optical phenomenon is seen
again: The sample turns darker, with bright spots in between, as in Figure 4.3. Spectroscop-
ically, the graphene layer remained constant in intensity throughout heating, with the same
decreasing trend in peak position as in air. Graphene is not burnt off and remains intact for
the entire tested region, up to 850 ◦C.

After cooling, some features are detected below 1000 cm−1. On most positions, these are
detectable by a small feature near 700 cm−1, mostly 3-4 orders of magnitude smaller than
the G band. Choosing very aggressive Laser settings (100%/ 50 mW for 20 s), this feature can
be brought into view, as in Figure 4.11. Three peaks can be distinguished: At 662, 540 and
314 cm−1, sorted by decreasing intensity. This strongly correlates with the peak positions of
a magnetite crystal (Fe3O4)[215]. An oxide was formed with iron in absence of oxygen with
a protective graphene layer.

Figure 4.11.: Raman spectrum of the crystallites forming under the graphene coating of
nickel-plated steel.
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Figure 4.12.: EDX mappings of the Fe, Ni and O peaks with their corresponding topograph-
ical image. Highlighted is a distinctly-shaped crystallite, which correlates with increased
Fe and O, with less Ni.

SEM images, as shown in Figure 4.13 show small near-spherical crystallites that have formed
on the substrate surface. They are 100 nm in diameter and homogeneously distributed across
the surface, covering the majority of the sample. Individual spots of hundreds of nanometres
are found to be crystallite-free, which are spaces with less light scattering, leading to bright
spots in the optical micrograph. EDX measurements confirm the crystallites to contain three
parts iron and four parts oxygen. A SEM-EDX mapping shows that the observed crystallites
contain purely (>95 at%) Fe and O, as shown in Fig 4.12. EDX also indicates a constant con-
centration of carbon across the sample, validating the Raman result of finding the graphene
layer on the entire surface. Therefore, the crystallites must have formed under the graphene
layer. In this case, the graphene layer protected the forming oxides from reduction by the
hydrogen environment. Potential sources of the oxygen are wetting at the interface of sub-
strate and coating, precipitation to the surface from the bulk, or diffusion from oxidised
sides/ undercreep diffusing further under the coating. These results can be confirmed by
repeating the tests on a sample with no graphene coating in an inert atmosphere.

(a) (b)

Figure 4.13.: Secondary electron micrographs of samples with burnt-off graphene layer at
700 ◦Cin air. (a) shows a low-magnification image to illustrate the density of the crystal-
lites on the surface. (b)

In summary, the received spectra and their positions are given in Table 4.1
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4.4. Graphene-Coated Nickel-Plated Steel

Table 4.1.: Theoretical and Experimental peak positions of the materials used in this study
at room temperature. Examples of these spectra are provided in Section A.
∗b=broad peak, sh=sharp peak
Material Type Expected peaks∗ (cm−1) Found peaks∗ (cm−1) Ref

Fe2O3 Oxide
225 412
245 500
294 610
298 1320(b)

220 490
240 610
290 680
400 1320

[210, 211, 212]
[213, 214]

Fe3O4 Oxide 300-320
535-550
665-680

314
540
662

[215]

NiFe2O4 Oxide 339 579
483(sh) 655(sh)
490 700

330
490
700

[216, 217]

NiO Oxide 380-410 900-950
520-550 1050-1100
730-780 1450-1500

510
1070
1480

[218, 219]

Graphene Coating

1580
1350
2700
1610

1580
1350
2700
1600

[208, 22]

Ni, Fe Metals No Signal
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5. Results and Discussion: Chemical
Vapour Deposition (CVD)

The aim of this study was to determine the effect of different process parameters in situ.
Therefore, this chapter is structured by process parameter to illustrate the results in light of
the final application. Both the results for CVD on pure Nickel (0.5 mm) and Ni-plated steel
(0.3 µm coating) are presented. In the latter part, notable SEM results are provided with
hypotheses based on literature.

5.1. Temperature

Temperature tests are performed from 450 ◦C to 850 ◦C. On pure Ni, three distinct observa-
tions are made, as shown in Table 5.1 and Figure 5.1. First, in the lower temperature regime,
below 600 ◦C, the exposure of C2H2 yields the formation of amorphous carbon on the sur-
face. Amorphous carbon is identified as wide peaks at 1580 cm−1 and 1350 cm−1, with signal
in between as well. With increasing temperature within this regime, the graphene peaks be-
come more defined, but still overall resemble amorphous carbon. As such, the amount of
graphitic material is increased, whilst not all carbon is crystalline. Second, beyond 600 ◦C,
graphene is formed across the entire analysed surface. Most notably, the spectra show highly
defected graphene with a high D band (1350 cm−1). This D band decreases with respect to
the G band upon a further increase in temperature. The crystalline carbon material is char-
acterised to be multilayer graphene based on the peak position of the 2D band (position
2690-2705), as in Figure 5.1. The third temperature region is only observed on Ni-plated
steel, where there is no carbon deposition at temperatures beyond 750 ◦C.

(a) (b)

Figure 5.1.: Overview of in-situ CVD graphene spectra as deposited at different tempera-
tures, including spectral positions of the D, G and 2D peaks. (a) shows the Raman spectra
as collected for CVD on pure nickel samples, whereas (b) provides the spectra for NPS.
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(a) (b)

Figure 5.2.: Optical (a) and Secondary electron micrograph (b) of graphene CVD on Ni
performed at 800 ◦C. The regularly observed patchwork pattern is shown optically. Elec-
tronmicropically, an uncovered, graphene-coated and graphite-coated area are shown.

Optically, the samples largely exhibit a patchwork of lighter and darker areas, as shown
in Figure 5.2. For the higher-temperature samples, graphitic Raman spectra are obtained
on patches of all colours. As such, the only difference for spectra across this sample is the
intensity of the signal (indicative of the amount of graphene within the measurement radius
of 0.5 µm) and the 2D/ G band ratio (indicative of layer thickness). The latter spans from
a multilayer film with 3-8 layers all the way to graphite-like signal. SEM footage (such as
Figure 5.2) reveals that the different patches correspond to topographical differences. The
darker areas correspond to places where graphite has formed in crystals of 50-300 nm in
size and are determined to be purely carbon by EDX. These are indicated as ”Graphite” in
Figure 5.2. The individual graphite grains do not border one another directly, but rather lie
dozens of nanometres apart. The space in between the carbon sites has been found to be
the metallic substrate, lying exposed to the environment. At the same time, another type
of graphene domain can be seen (marked ”Graphene”), one that homogeneously covers the
sample across dozens of micrometres, seen as a darker shade than the rest of the sample.
The latter form of coating can be seen to have grown across grain boundaries.

These results closely resemble those obtained by Cui et al., who found a similar trend using
acetonitrile from 400 ◦C to 1000 ◦C[113]. Given the theory discussed above, temperature
mostly affects the diffusion on the surface, which leads to clustering and crystallisation. As
expected (see Table 2.1), nickel catalyses the decomposition of acetylene from 450 ◦C up-
ward. As these lower temperatures lack the carbon mobility on the less favourable surfaces
(not (111), (110)), the carbon atoms can not diffuse towards the crystal nuclei and remain
largely amorphous, with the amount of crystallinity increasing with temperature. This can
be observed in Figure 5.1 as more defined/ sharper peaks. Decreasing D band intensities
with temperature are attributed to the presence of grain boundaries, suggesting that grain
growth is significantly faster than nucleation at high temperatures, with the inverse true
at lower temperatures. Similarly to the above, this is again a result of increased carbon
mobility.

On Ni-plated steel, similar results are obtained. The transition from wide peaks with sig-
nal in between to defined, narrow peaks, indicative of the transition from amorphous to
graphitic carbon coatings occurs at 600 ◦C, as shown in Figure 5.1. Here, too, the D peak is
larger than the G peak. The main difference between the substrates is that there is a maxi-
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mal temperature for graphene formation. Above 775 ◦C, no carbon is deposited on the film.
Confirmation of this observation comes from a repeated test where the environment is set
to contain C2H2 and the sample is slowly cooled from 850 ◦C. The graphene signal starts to
appear near 770 ◦C.

On this sample, with limited nickel availability, decomposition of the sample was also fa-
cilitated by the nickel catalyst from 450 ◦C onward. Following that, the same trend of a
decreasing D band intensity can be seen, indicating similar carbon mobility changes on
steel/ nickel hybrid surfaces as on pure nickel.

Iron at the surface is the main difference between the two samples. Therefore, it stands to
reason that its presence affects the CVD process. At the temperature in question, steel will
undergo the phase change from ferrite (fcc) to pearlite (bcc). As battery steel is made of ultra
low carbon steel, this phase transition would require a higher carbon concentration. This
change could be facilitated by the absorption of acetylene, creating a saturation region near
the surface that could undergo the phase change, which would increase the lattice mismatch
with respect to graphene, making its formation unlikely.

Table 5.1.: Summary of temperature experiment results graphene CVD
Ni NPS

T<600 ◦C Amorphous carbon Amorphous
T≤750 ◦C Good coverage, high D band Good coverage, high D band
T>775 ◦C Low D band No graphene formation

5.2. Time and Flow Rate

A short exposure time (<10 s) produces no coating and the sample remains unchanged,
while very long exposure times (>45 s) result in fully black samples coated thickly with
graphite. The time could not be set such that mono-/ bilayer graphene was formed. It
was not possible to tweak the settings to deposit a homogeneous, thin layer across the
sample. Rather, the same type of patches (see Figure 5.3a) and scratches (see Figure 5.3b)
are observed across all samples. These findings are summarised in Table 5.2. Indications
of the best spectra in covered areas are given in Figure 5.4b. It can be seen that even at 3 s
there was some graphene formation, but this was only highly localised on surface defects.
Furthermore, the 2D/G ratio can be seen to be lower for the 10 s spectrum, indicating a
higher layer number. Longer exposure time also allowed for low defect density, as can be
concluded from the near-zero D band. Macroscopically, these samples are covered in black
dots concentrated near the centre of the 16 mm2 samples.

An increasing exposure time was expected to increase the coverage, as more carbon would be
available for the regions with lower carbon mobility. This was not observed, rather that the
areas with coatings that formed quickly accumulated more and more layers whilst the other
regions remained uncoated, until the thick coatings grew across. This may suggest that some
crystal orientations are less favourable towards coating, which could be investigated using
SEM-EBSD analyses for determining the crystal orientation before CVD and the coverage
afterwards. Another reason for this observation can be the setup favouring flow towards
certain spots over others, leaving them uncoated.
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Table 5.2.: Summary of acetylene exposure time for the different substrates at different tem-
perature points. The data is presented qualitatively, as graphene is transparent and no
exact estimates of total coverage nor layer thickness across the sample can be made.

t Ni (700 ◦C) Ni (800 ◦C) NPS (700 ◦C)
8 s First local deposition First local deposition, high 2D No deposition
11 s >50 % coverage >50 % coverage, high 2D First local deposition

>15 s >75 % coverage
black/ many layers

>80 % coverage
varying thicknesses >50 % coverage

(a) (b)

Figure 5.3.: Optical images of two common types of coverage: (a) patchwork pattern and (b)
scratches. Both show the sample before and after coating.

Two different types of series were performed concerning the flow rate of the precursor, one
comparing the flow rates with the same exposure time and one with differing exposure
times to match the total volume flow of acetylene. The latter showed the same results as the
exposure time measurements, suggesting that the adsorption of carbon is not limited by the
flow onto the sample. With a constant exposure time, the samples yielded very comparable
Raman spectra and optical micrographs, resembling either one of the two patterns shown in
Figure 5.3. The spectra can be seen in Figure 5.4b. These are representative, chosen spectra
for each flow rate within a graphene patch. The different flow rates yield near-equivalent
spectra, even beyond these individual examples. As such, flow rate is not found to influence
the tests, suggesting that the smallest possible volume provides more carbon than can be
adsorbed by the samples.

5.3. Scanning Electron Microscopy

Using SEM, the different graphene samples could be investigated. Among the different
forms of graphene, some notable repeating phenomena were observed. It became clear that
the present setup does not yield homogeneous layers of graphene. On pure nickel, some
samples ended up with local graphene signals in straight lines, and were visible by optical
microscopy. These could extend across millimetres. Magnified, it became clear that the
formation of carbon nanofibres had taken place. Each of these is terminated by a Ni platelet,
as determined by EDX. This phenomenon is shown in Figure 5.5.

On the surface of a sample coated by 60 s exposure by 20 nmL
min , two phenomena are observed:

blistering and folds. These are shown in Figure 5.6. Folds are determined to be made
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up of carbon, indicative of overlapping graphene layers. Along the microscopically visible
straight lines of dark of the surface, there are spots of carbon visible by ASB imaging. By
topographical imaging, it is visible that these spots of carbon appear to be blisters that have
burst open, along with other blisters that are still closed.

Macroscopically, it is notable that neither samples are fully coated with graphene, but only
locally near the centre of the sample, typically in a circular arrangement. This position and
shape correlates with the hole above the sample in the heat shield.

5.4. Setup

In the above results, it is clear that there a systematic deviation from the results obtained in
the scaled-up process, namely highly local coating and large differences between domains
in layer numbers. The in situ process differs from the upscaled process in flow and cooling.
As the sample is positioned inside the heating cup and closed off with an alumina heat
shield to minimise the thermal radiation entering the Raman spectroscope, gas can only
flow in and out through the small hole (diameter <0.5 mm). As a result, the gas will
not flow homogeneously past the entire sample but be concentrated towards its centre, as
shown in Figure 5.7. Therefore, the flow rate influences effects other than just the mass
transported to the sample, such as the turbulence near the entrance to the furnace or the
width of the sample subjected to the precursor. This explains the lack of a correlation found
in the flow rate series. The tests on exposure time thus were not testing the time required to
form graphene by exposure, but rather the time it took for a large enough concentration of
acetylene to enter the hot zone.

Because the flow is onto and not past the substrate, there will be no homogeneous coverage,
but a focus in the centre. This makes the measurements unreliable and not scalable. To
improve on this, the gas in- and outlets need to be directly connected into the heating
chamber. This will allow for equal control across all measurements. Furthermore, it provides
an accurate representation of the scaled-up process.

The second shortcoming of the setup is cooling, which will affect the formation of graphene
as discussed in the background due to precipitation of carbon from the bulk. This effect
is important for the finally resulting coverage, but can be neglected in the area of interest,

(a) (b)

Figure 5.4.: Overview of graphene spectra as deposited at different exposure times and flow
rates. Each of these are the best spectra found on the respective sample.
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(a) (b)

Figure 5.5.: Optical and SEM micrographs of the sample phenomenon.

which is the effect of process parameters on the formation of graphene. As some crystal
orientations are more likely to diffuse carbon into the bulk rather than across the surface, a
large amount of dehydrogenated carbon will be stored inside the material. This will affect
the properties of the material and not contribute towards the coating, but can be ”pushed
out” by rapid cooling. Therefore, the temperature profile can not accurately represent the
final coating as produced in the up-scaled version. It is, however, representative for the
application step, to observe what happens at higher temperatures.

Carbon nanofibers and blisters forming on the substrate are fragments of the preparation
of the sample: By polishing, small scratches remain on the surface, leading to favourable
spots for the formation of such defects. Similar fibres are described in literature by CVD on
transition metals [222, 223], including both acetylene (as precursor) and nickel (as substrate).
They are grown at Ni nanoparticles, which indicate that this sample had loose crystal grains
or nanoparticles pressed into the surface. These defects are determined to be irrelevant for
comparing nickel and nickel-plated steel, as they are not representative of the material, but
the preparation method.

General advice for the process are using a temperature that is as high as possible for highest
quality graphene, whilst staying in the limit of allowing for CVD. For the 0.3 nm nickel coat-
ing, the recommended temperature is 750-775 ◦C. No advice can be given for the exposure
time or flow rate.

Figure 5.6.: Opt and SEM micrographs of the folds phenomenon.
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(a) (b)

Figure 5.7.: Images of two samples coated thickly with graphitic material. Both are pure Ni
samples coated at 700 ◦Cfor (a) 30 s an (b) 45 s. The concentration of the carbon deposition
in one area is to be noted.

Table 5.3.: Summary of process parameters and their effect on the resulting graphene layer.
Parameter Effect of increase (theory) Results

Temperature
Faster growth
More bulk diffusion
Increase in layer number

Lower Defect Density
Upper limit NPS

Precursor Flow Rate Higher carbon availability
Increase in layer number Inconclusive due to setup

Exposure Time Larger coverage
Increase in layer number

Increased layer number
Coverage slowly increased
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6. Conclusion and Recommendations

6.1. Conclusions

The aim of this work was to understand the behaviour of graphene formation by C2H2-
CVD on nickel plated steel. Raman spectroscopy was chosen as the characterisation method
for in-situ CVD. As such, the first part of the work was dedicated to understanding the
substrates and their Raman spectra, especially their temperature evolution. Afterwards, the
three process parameters of temperature, flow rate and exposure time are analysed with
respect to their coverage and coating quality. In the following, the main conclusions are
summarised:

• The Raman signals and settings of and for the oxides of the respective samples are
determined and summarised in Table 3.3. Graphene is much more Raman active and
can be detected with less aggressive settings than teh oxide. It is found that a mixture
of the inverse spinel structure NiFe2O4 and of hematite α-Fe2O3 are present at the
surface of the steel with a 0.3 nm thick nickel coating. Both these oxides only start
forming upon cooling, starting around 500 ◦C. Pure Ni oxidises at 500 ◦C during
heating and the oxide is stable at elevated temperatures, most prominently visible by
the broad Raman peak at 1100 cm−1. The broad peak around 1500 cm−1 only becomes
detectable after cooling below 300 ◦C.

• It has been shown that the gas used to create a reducing environment successfully
prevents oxidation of the metal and reduces surface oxides. Therefore, this can be
used for studying the samples at high temperature, especially as the graphene coating
is also stable in this environment. The latter was found to burn in air starting at 550 ◦C.
Upon oxidation, nanostructures are formed atop the sample, reducing the reflectivity.
When reduced using H2, the nanostructures remain, affecting the formation of CVD.

• The reactions related to graphene CVD take place rapidly, not allowing for a kinetic
study using a Raman spectroscope, as measurements are in the order of seconds, with
reactions taking mere fractions.

• Temperature is determined to have a great effect on the formation of graphene. In
general, a higher temperature leads to a higher graphene quality, i.e. less defects,
as determined by the height of the Raman D band. Nevertheless, a temperature be-
yond 775 ◦Cdoes not result in formation of graphene on nickel-plated steel. To obtain
graphene, rather than the deposition of amorphous carbon, the temperature must be
above 650 ◦C. The window of operation is therefore 650 ◦C≤T≤775 ◦C, with the advice
to go as high as possible.

• Exposure time is found to have no effect on the quality of deposited graphene, but on
the coverage. The latter is determined optically, meaning that a significant amount of
layers is piled on to allow for optical distinction.

59



6. Conclusion and Recommendations

• The setup is not adequate for simulating coverage of the sample, as there is no gas
flow past the sample. Rather, it is situated inside a cup with a small opening that
requires the gas to enter slowly through the opening, resulting in local deposition near
the centre of the sample. Therefore, the experimental series on the flow rate contains
no information on the formation mechanisms, but rather on the flow onto the sample.

• The trends observed on pure nickel are also observed on nickel-plated material. One
exception is the upper temperature limit allowing for CVD. Therefore, the overarching
trends can be taken from literature on Ni, whilst still taking the time to test the validity
in situ.

6.2. Recommendations

As the largest shortcoming of the study is the process which fails to emulate the upscaled
process in some key parameters, it is recommended that the Linkham heating cell be re-
placed for further in situ analysis. Crucially, the setup needs to allow for flow past the
sample. Furthermore, quenching would be desirable for representing the actual process.
Both these issues can be addressed using the Linkham TS1400XY stage. This allows for a
smaller chamber of heat with flow past the sample and moving the sample inside the stage
onto a colder position for quenching.

It was shown in Figure 5.2 that a graphene domain can grow across substarte grain bound-
aries. It is unclear if this happens a lot or that the patchworks (Figure 5.3a) are caused by
grain boundaries on the substrate surface. To get a better understanding of the kinetics,
EBSD images are recommended to be made both before and after deposition to investigate
the effect of grain boundaries and grain orientations on graphene domain formation. This
can be amended with TEM or AFM imaging to get atomic-scale understanding of graphene
layer with respect to the substrate.

Not many differences were found between the pure nickel sample and the nickel coating,
and they generally exhibited the same trends. Nevertheless, a more thorough analysis needs
to be performed for validating the Ni results for the NPS material. It is recommended to
perform similar in situ measurements on multiple different materials. The aim was origi-
nally to also include Ni foil and the thick side of the NPS material (1.5 µm) to facilitate for a
more adequate comparison between the different materials, especially given the effect nickel
thickness is reported to have on the CVD process. This will also help to distinguish between
thickness and alloying effects. Due to the observation of NPS to not form any coating at high
temperatures, it is also recommended to perform the same analysis with uncoated ultra low
carbon steel. Testing these five materials will provide a thorough comparison with respect
to layer thickness, alloying effects and the validity of literature to the battery material.

As this study is made with the intent to produce a protective and conductive coating for
battery steel, the quality of this coating should be quantified with resistivity measurements.
The problem with the in situ coatings is that the sample size is limited to 4x4 mm squares,
requiring a special 4-point contact resistance measurement setup. Intended was the use of
electrical impedance spectroscopy as described by Mironova-Ulmane et al.[218]. This has the
large advantage of testing the coating with the correct material also used in the industrial
application. In contrast to the four point test, it provides a measurement on how well the
material will perform in a battery setting, allowing for the same chemical reactions that are
expected in the battery.
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A. Raman Reference Spectra

Figure A.1.: Reference Spectra of NiO in the spectral range from 200 to 3200 cm−1 at different
laser intensities. Image taken from [218]. The authors used a Renishaw inVia micro-
Raman spectrometer, a λ=514.5 nm laser at 10 mW and a 50× objective with a 2400 l

mm
monochromator.

Figure A.2.: Raman spectrum of magnetite, as collected using a 633 nm laser, with unspeci-
fied laser power at 20 s acquisition time. Image taken from [1].
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A. Raman Reference Spectra

(a) (b)

Figure A.3.: Reference Spectra of α-Fe2O3 (hematite). (a) provides the spectral range from 200
to 800 cm−1 with specified peak positions. The authors used a Renishaw RM2000 single-
grating spectrograph device with a 785 nm laser at 2 mW with a x50 objective. Image
taken from [210]. (b) shows the spectrum from 200 to 1700 cm−1 for two different crystal
orientations. They were collected using a Renishaw inVia Reflex Raman Microprobe with
a 514.4 nm at ≤5 mW, s 20x magnifying objective and a 2400 l

mm monochromator. Image
taken from [211].

(a) (b)

Figure A.4.: Schematic Raman spectrum of graphene (a), and the effect of the layer number
of graphene on the 2D (or G’) peak shape. Images taken from [22].
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Figure A.5.: Reference Spectra of monocrystalline NiFe2O4 in the spectral range from 200
to 800 cm−1 for different crystal orientations. The authors used a 488 nm laser and a
Labram-HR800 micro-Raman spectrometer equipped with a 50× objective and a 1800 l

mm
monochromator.
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