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Abstract

The present work investigates the growth of carbon nanoparticles — mainly few-layer graphene
(FLG) — produced from gaseous hydrocarbons in a microwave plasma reactor. In addition to
the analysis of the produced carbon particles, different in situ and inline methods are applied
to characterize the synthesis process. The plasma is analyzed using optical emission spec-
troscopy (OES) and the concentration of molecular products formed in the exhaust gas is an-
alyzed quantitatively and semi-quantitatively using infrared absorption and gas chromatog-
raphy. The methods are additionally compared with reaction kinetic and equilibrium simulations
of gas phase chemistry based on combustion mechanisms for interpretation. The growth of
carbon particles for FLG is investigated using spatially-resolved thermophoretic sampling.

The first part of this work examines the structure and morphology formation of the growing
carbon particles along the reactor via thermophoretic sampling. It is observed that the particles
change their morphology along the reactor axis. In accordance with the general theory for the
growth of carbon particles, the formation of monolayer graphene for the present process is
demonstrated by microscopic analysis. The first FLG particles obtained close to the plasma
are almost flat. A comparison of samples taken at different points along the reactor shows that
the FLG particles fold more strongly along the reactor axis and form denser structures. This
process is confirmed by time-resolved laser induced incandescence and explains the typical
morphology of the obtained samples of crumpled FLG sheets.

The second part of the work deals with the investigation of the influence of different precursor
mixtures and concentrations on the formed carbon particle product. The precursors used are
ethanol, ethylene, and various ethylene-water mixtures. In particular, the influence of oxygen
in the mixture and the resulting C/O ratio is considered and discussed. The results show in
accordance with literature that low C/O ratios are favorable for the formation of FLG, whereas
higher ratios lead to mixtures with graphitic or soot-like particles. At the same time, oxygen-free
precursors show the same trend when their applied concentration is reduced. The yield of
carbon particles scales with the concentration of precursor used and the amount of water
added. The addition of less precursor or more water decreases the particle yield. OES results
indicate that the plasma temperatures in the process are the same for all experimental cases
and thus different temperature conditions for particle formation can probably be excluded. The
recorded FTIR spectra semi-quantitatively show changes in the concentrations of the gas mol-
ecules formed when water is added. With increasing water content, more and more CO is
formed and the amount of small hydrocarbons such as C;H, decreases. These observed
trends can be reproduced with reaction kinetics simulations. Based on the results of the applied
in situ methods and simulation, the influence of oxygen can be explained by a change in con-
centration. The oxygen present reacts with carbon to form CO and thus reduces the concen-
tration of growth species available for the formation of carbon particles.

The third part of the work attempts to transfer the knowledge gained for water to other oxygen
carriers. Water is substituted by nitrous oxide (N20), carbon dioxide (CO2) and molecular oxy-
gen (O2). Based on simulations, a comparable reduction of particle formation is expected for
all oxygen carriers. A validation of the simulations using gas chromatography shows a maxi-
mum relative deviation of ~20% for CO and C2Hz. The yield of carbon particles is reduced for
all oxygen carriers in line with expectations. However, the analysis of the produced particles
shows that not all oxygen carriers suppress the formation of soot-like particles. Experiments



with low C/O ratios with the addition of CO2 continue to lead to the formation of different carbon
particles other than FLG. Samples obtained with thermophoretic sampling already show partial
differences in composition close to the plasma, i.e., close to the onset of particle formation and
growth. Distinctive decomposition products of the oxygen carriers are detected using OES. In
contrast to N-O and O, CO; spectra are characterized by the unexpected formation of C, and
C. The temperature determined from C. luminescence is significantly higher than the other
estimated temperatures and therefore indicates thermal non-equilibrium for this species.
These additional carbon species may be able to influence the first nucleation of solid particles,
leading to the formation of additional soot-like particles.



Kurzzusammenfassung

Die vorliegende Arbeit untersucht das Wachstum von Kohlenstoff-Nanopartikeln, hauptsach-
lich Few-Layer Graphen (FLG), hergestellt aus gasformigen Kohlenwasserstoffen in einem
Mikrowellenplasmareaktor. Neben der Analyse der hergestellten Kohlenstoffpartikel werden zu
diesem Zweck unterschiedliche in situ und inline Methoden angewandt, um den Synthesepro-
zess zu charakterisieren. Das Plasma wird mithilfe der optischen Emissionspektroskopie
(OES) und die Konzentration gebildeter molekularer Produkte quantitativ und semiquantitativ
mit Infrarot-Absorptionsspektrometrie und Gaschromatographie untersucht. Die Methoden
werden zur Interpretation zusatzlich mit Reaktionskinetischen- und Gleichgewichtssimulatio-
nen der Gasphasenchemie auf Basis von Verbrennungsmechanismen verglichen. Das Wachs-
tum der FLG-Partikel wird durch ortsaufgeldste thermophoretische Probennahme untersucht.

Der erste Teil der Arbeit untersucht die Strukturbildung und Morphologie der wachsenden Koh-
lenstoffpartikel entlang des Reaktors durch thermophoretische Probennahme. Die Partikel an-
dern entlang der Reaktorachse ihre Morphologie. Die ersten nah am Plasma gewonnene FLG-
Partikel sind flach. Uber mikroskopische Analyse kann hier, im Einklang mit der allgemeinen
Theorie fir das Wachstum von Kohlenstoffpartikeln, die Bildung von Monolagengraphen fir
den vorliegenden Prozess nachgewiesen werden. Durch den Vergleich von Proben, die an
unterschiedlichen Stellen entlang des Reaktors entnommen werden, zeigt sich, dass sich sie
FLG-Partikel der Reaktorachse zunehmend falten und kompaktere Strukturen bilden. Dieser
Vorgang wird durch Messungen der zeitaufgelosten laserinduzierten Inkandeszenz bestatigt
und erklart die typische Morphologie der gewonnenen Proben.

Der zweite Teil der Arbeit beschaftigt sich mit der Untersuchung des Einflusses von unter-
schiedlichen Prakursormischungen und Konzentrationen auf das gebildete Kohlenstoffparti-
kelprodukt. Bei den eingesetzten Prakursoren handelt es sich dabei um Ethanol, Ethen und
verschiedene Ethen/Wasser-Gemische. Insbesondere der Einfluss von Sauerstoff in der Mi-
schung und das dadurch resultierende C/O-Verhaltnis wird betrachtet und diskutiert. Die Er-
gebnisse zeigen im Einklang mit der Literatur, dass niedrige C/O-Verhaltnisse vorteilhaft fur
die Bildung von FLG sind, wohingegen grof3ere Verhaltnisse zu Mischungen mit graphitischen
oder rufRartigen Partikeln fihren. Sauerstofffreie Prakursoren zeigen bei Verringerung ihrer
eingesetzten Konzentration ebenfalls den Trend einer bevorzugten Erzeugung von FLG. Die
Ausbeute an Kohlenstoffpartikeln skaliert dabei mit der Konzentration an eingesetzten Praku-
rsor und der Menge an zugegebenem Wasser. Die Zugabe von geringeren Prakursor- oder
héheren Wasserkonzentrationen lasst die Ausbeute sinken. OES-Ergebnisse deuten darauf
hin, dass die Plasmatemperaturen fur alle untersuchten Falle gleich sind und somit unter-
schiedliche Temperaturbedingungen fiir die Partikelbildung wahrscheinlich ausgeschlossen
werden kénnen. Die aufgenommenen FTIR-Spektren zeigen semiquantitativ, dass die Zugabe
von Wasser Konzentrationsdnderungen der gebildeten Gasspezies verursacht. Mit steigen-
dem Wasseranteil wird zunehmend mehr CO gebildet und die Menge einfacher Kohlenwas-
serstoffe wie CoH> nimmt ab. Diese beobachteten Trends lassen sich mit reaktionskinetischen
Simulationen reproduzieren. Auf Basis der Ergebnisse der angewandten In-situ-Methoden und
Simulation, lasst sich der Einfluss von Sauerstoff iiber einen Konzentrationsanderung erklaren.
Der vorhandene Sauerstoff reagiert dabei mit Kohlenstoff zu CO und reduziert so die zu Ver-
fugung stehende Konzentration an Wachstumsspezies fir die Bildung von Kohlenstoffparti-
keln.



Der dritte Teil der Arbeit hat das Ziel, die fir Wasser gewonnenen Erkenntnisse auf weitere
Sauerstofftrager zu Ubertragen. Wasser wird dabei durch Lachgas (N2O), Kohlenstoffdioxid
(CO2) und molekularen Sauerstoff (O2) substituiert. Anhand von Simulation wird fir alle Sau-
erstofftrager eine vergleichbare Reduktion der Partikelbildung erwartet. Eine Validierung der
Simulationen mittels Gaschromatographie zeigt fir CO und C2H: eine relative Abweichung von
maximal ~20 %. Die Ausbeute an Kohlenstoffpartikeln wird fur alle Sauerstofftrager entspre-
chend der Erwartung reduziert. In der Analyse der hergestellten Partikel 1asst sich aber erken-
nen, dass nicht alle Sauerstofftrager die Bildung rufRartiger Partikel unterbinden. Experimente
mit niedrigen C/O-Verhaltnissen bei der Zugabe von CO; flihren weiterhin zu der Bildung an-
dersartiger Kohlenstoffpartikel. Proben, die mit thermophoretischer Probennahme gewonnen
werden, zeigen bereits nah am Plasma, d.h. nah am Beginn des Partikelwachstums, Unter-
schiede der Zusammensetzung. Anhand von OES-Spektren kdnnen markante Zerfallspro-
dukte der Sauerstofftrager nachgewiesen werden. Die CO,-Spektren zeichnen sich im Gegen-
satz zu N2O und O durch die unerwartete Bildung von C,- und C aus. Die ermittelte
Temperatur der Co-Lumineszenz ist deutlich héher als die sonstigen bestimmten Temperaturen
und lasst deshalb wahrscheinlich auf die Bildung durch einen Nichtgleichgewichtseffekt schlie-
Ren. Diese zusatzlichen Kohlenstoffspezies sind dann moglicherweise in der Lage, die Nukle-
ation von festen Partikeln zu beeinflussen, was zu der Bildung zusatzlicher ruf3artiger Partikel
fuhrt.
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1 Introduction

Plasma processes are promising to achieve electrification of industrial processes as they can
be employed to synthesize a wide variety of different chemical compounds or perform specific
tasks [1, 2]. Examples include the plasma treatment of liquids [3] for, e.g., the removal of pol-
lutants [4], gas reforming [5, 6], nitrogen fixation [7, 8], plasma-assisted catalysis [9, 10], the
synthesis of functional nanomaterials [11, 12], or the simultaneous generation of hydrogen and
carbon black from pyrolysis of methane [13-16]. Plasma dissociation processes are not only
able to produce carbon black but can also be used for the synthesis of more valuable carbon
structures while using identical hydrocarbon reactants. Plasmas are commonly employed to
synthesize e.g., carbon nanotubes [17-19]. Approximately fifteen years ago, work of Dato et
al. showed that continuous gas-phase plasma processes are able to reform hydrocarbon re-
actants towards few-layer graphene flakes (FLG) [20]. Major byproducts of the process in-
clude — depending on the process conditions — Hz, CO, C2H,, and HCN [21-23]. Graphene is
an interesting material for many applications as it possesses unique and versatile properties.
These include its electrical and thermal conductivity which make it great for being used as a
functional material or as a filler material for composites [24-27], its inertness which allows it to
be used for, e.g., electrochemistry [28-30], and its highly anisotropic structure and mechanical
strength which lead to varying use cases including membranes for water desalination [31], or
pressure and gas sensing [32, 33]. Hence, investigating the growth process via plasma may
allow in the future to upscale its production to relevant scales while producing relevant byprod-
ucts in, e.g., Hz and CO. Similarly, understanding the graphene formation may benefit the gen-
eral understanding of carbon growth towards cleaner combustion processes [34].

The goal of this thesis is to gain fundamental knowledge about the growth of different carbon
allotropes in gas-borne particles with a special focus on obtaining freestanding graphene in a
microwave plasma reactor. The two main questions that are addressed in this work are first,
how the morphology and structure of the growing graphene flakes evolves, and second, which
effect oxygen has on the synthesis process for the formation of FLG. To address both ques-
tions, different in situ, inline, and particle sampling techniques with ex situ analysis are applied
to the synthesis process and the generated materials.

The investigation is motivated by the fact that FLG particles harvested from similar plasma
reactors typically show a crumpled and folded multilayer structure. However, the formation of
this crumpled and folded structure has been unclear because conceptually, graphene mono-
layers can be considered as large (flat) PAH molecules that should only grow at their edges.
Therefore, the transformation from a graphene monolayer to the observed multi-layered struc-
tures had to be investigated. Thermophoretic sampling is used to sample particles from a re-
action zone in a spatially resolved manner which are then analyzed by microscopic techniques.
Thus, thermophoretic sampling provides information about the residence-time dependent
structure formation. For this thesis, carbon particles were sampled at different axial reactor
positions and analyzed by transmission electron microscopy (TEM). The experimental condi-
tions are chosen to only lead to the formation of FLG as particle phase, to only probe growing
graphene sheets and not mixed particle allotropes. TEM images are then qualitatively analyzed
and the size of the FLG flakes is quantified by measuring their size distributions. The results
by TEM are compared to in situ time-resolved laser-induced incandescence (TiRe LII)



measurements performed by Stanislav Musikhin and Muhammad Asif that probe the available
surface area of the aerosolized flakes at different axial positions in the reactor.

The motivation to study the effect of oxygen on the particle synthesis is based on literature
reports that suggest a direct link between the employed reactant (mixture) and the produced
carbon particle composition. Specific C/O ratios, such as in ethanol (C/O = 2), are reported to
be favorable to obtain FLG [35-37], while larger C/O ratios or other oxygen carriers (specifically
carbon dioxide) tend to form particle mixtures containing soot-like or graphitic particles. Here,
the effect of the C/O ratio and the oxygen carrier type is investigated in two parts by employing
different reactant compositions, reactant concentrations, and characterizing the grown carbon
particles. In the first approach, the reactants used are ethanol, ethylene, and various eth-
ylene/water mixtures. Reactant mixtures of ethylene and water allow to alter the C/O ratio
freely, while also being able to reproduce the elemental composition of ethanol. In experiments
that follow up on the obtained results generated by the first approach, water is substituted by
other oxygen carriers, namely nitrous oxide (N2O), carbon dioxide (CO-) and molecular oxygen
(O2).

The synthesized carbon particles are analyzed with different characterization methods, such
as Raman spectroscopy, thermal analysis, X-ray photoelectron spectroscopy, and TEM to
qualitatively and quantitatively assess their respective allotrope composition and possible cor-
relation with reaction conditions. To improve the process understanding, various techniques
are employed to determine gas temperatures in the reactor and observe changes in the effluent
gas composition. A gas-temperature profile for the reactor is estimated based on spectroscopic
techniques and thermocouple measurements. The concentration of formed gas molecules in
the effluent is — depending on the specific experiment — assessed by infrared absorption and
gas chromatography. Infrared absorption spectroscopy is thereby used to observe qualitative
trends of the formed gaseous compounds while gas chromatography gives quantitative infor-
mation. The results are interpreted with the help of reaction kinetics simulations with the aim
to reproduce the observed qualitative and quantitative trends of species concentrations and
gain further insight into the synthesis process.

The thesis is organized as described in the following. The relevant fundamentals and methods
are introduced in Section 2. The section is separated in specific information about the plasma
environment and a broad overview of the theory of carbon growth and previous studies re-
ported in literature (Sections 2.1 and 2.2). It is followed up by the introduction of the different
ex situ methods for material characterization (Section 2.3), the applied in situ and inline meth-
ods (Section 2.4) to analyze the plasma process, and a description of the simulation methods
employed (Section 2.5). Section 3 addresses the experimental setups used for the synthesis
process and the assembly for the applied in situ and inline methods. Sections 4-6 show and
discuss results related to the structure formation of FLG in the plasma reactor (Section 4) and
the effect of oxygen on the carbon particle synthesis (Sections 5-6). Section 7 summarizes
and discusses the presented results, extracts the main findings, and provides suggested di-
rections for further research based on remaining open questions and experimental shortcom-
ings.



2 Fundamentals and methods

2.1 Plasma properties

In the universe, plasmas are the most abundant physical phenomenon fulfilling the originally
postulated conditions by Langmuir [38]. On the macroscale, plasmas are considered to be
electrically neutral as the number of positive and negatively charged species are balanced
(first condition). Yet plasmas possess free charged species that make the plasma conductive,
internally interactive, and highly susceptible to electromagnetic fields. Thus, the plasmas be-
havior is governed by the interaction of charged species (collective behavior, second condition)
and charges are electrically screened on the microscale (Debye shielding, third condition). As
an example, the movement of charge carriers on the microscale is influenced by ambipolar
diffusion, i.e., a collective movement of positively and negatively charged species. Plasmas
can be characterized by multiple parameters including their degree of ionization, their temper-
ature, and density. Because plasmas can consist of multiple species — electrons, ions, mole-
cules, and atoms — they are usually described by a separate temperature for their respective
degrees of freedom. Depending on the respective values, plasmas can be considered to be in
chemical equilibrium or having non-equilibrium properties. In an equilibrium plasma, all tem-
peratures have the same value and knowing or determining one of them allows to calculate,
e.g., the ionization degree by using the Saha equation. In non-equilibrium plasmas, the mis-
cellaneous temperatures can be different and more complex descriptions for the excitation of
the involved species are necessary. A similar distinction is to characterizes plasmas as thermal
and non-thermal. Most thermal plasmas are equilibrium plasmas while most non-thermal plas-
mas are non-equilibrium plasmas.

For the experimental work in this thesis, a plasma excited and maintained by microwave radi-
ation (2.45 GHz) is employed. The electrons are accelerated in the electric field and lose their
energy by collisions with other electrons or heavier species. Depending on how much energy
the electrons are able to attain before they collide with, e.g., an atom, the collisions can lead
to processes such as impact ionization or momentum transfer. The energy of the electrons can
thereby be described in a first approximation by a distribution (e.g., Maxwell-Boltzmann or
Druyvesteyn) and an average electron temperature which are the result of the different colli-
sional processes. In many low-pressure plasmas, the electron energy is much larger than the
characteristic species temperatures as the mean free path is large, leading to a low number of
collisions in each excitation/acceleration cycle. Such plasmas have the ability to selectively
excite molecules, atoms, or induce reactions and, thus, engineering the electron energy can
determine the interaction with other collision partners for e.g., the production of reactive spe-
cies. When the pressure is increased towards atmospheric pressure, the heavy species tem-
perature and the electron temperature can become more similar as Joule heating becomes
more efficient and more energy is spent on heating up the gas (Figure 2-1). In such a case,
the plasmas become less selective and the effect on chemistry can become purely thermal.
There are, however, atmospheric pressure plasmas (especially for medical or coating applica-
tions) which show strong non-equilibrium and only possess gas temperatures close to room
temperature as they work with specific geometries and low power consumption.
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Figure 2-1:Pressure dependent electron and gas temperature for a mercury arc plasma. Reprinted with
permission of Elsevier [39].

Microwave plasmas at atmospheric pressure are usually considered to be non-equilibrium
plasmas but not necessarily non-thermal. Instead, they are often called warm plasmas as they
don’t reach values form classical thermal plasmas such as arcs (~10,000 K) but can still sig-
nificantly heat up a gas stream. Electron temperatures up to ~1 eV (= 11,604 K) and gas tem-
peratures in the range of 1000-6000 K are commonly reported [40-44] which are sufficient to
dissociate a large fraction of the molecules.

2.2 Theory and models for solid carbon growth

Carbon can be created in the form of different pure allotropes such as diamond and graphene.
In their most idealized (defect-free) form, one characteristic which allows to distinguish be-
tween these allotropes is their bond configuration. In diamond, carbon atoms bond to four
neighboring atoms (sp3-hybridization) tetrahedrally, i.e., three-dimensional. Graphene shows
only three bonds (sp?-hybridization) that are located within one plane, thus, a two-dimensional
structure is generated. Unlike these ideal systems, allotropes showing a mixture of different
bonding configurations are also possible, for example in soot or carbon black.

Most of the work that investigates the growth of carbon particles is performed to study soot or
carbon black formation in the context of combustion processes e.g., internal combustion en-
gines, jet engines, and sooting flames. Therefore, and because in-depth studies concerning
the gas-phase formation of graphene in similar pyrolysis processes are rare, the carbon growth
is only described in a broad conceptualized manner based on work which is performed on the
formation of soot and carbon black. This section therefore focuses on a brief description of the
fundamental processes that lead to the formation of soot and how the processes should pro-
ceed in case graphene is formed. Before focusing on the carbon particle formation, classical
aerosol particle growth described via nucleation theory is introduced.

In idealized aerosols the formation of particles can be described as a bottom-up process with
a gas-to-particle conversion. Thus, the first stages of the growth can be conceptually discussed
by classical (homogeneous) nucleation theory for aerosol processes.



At the start, a gaseous compound containing the element of interest is decomposed and re-
leases the growth species. In case the partial pressure of the growth species exceeds the
temperature-dependent saturation vapor pressure, it will start to condense. The overall Gibbs
free energy of a potential spherical particle possesses contributions of the volume and surface
energy (Figure 2-2). An energy barrier needs to be overcome that leads to a state of supersat-
uration prior to condensation. Larger clusters can form by random collisions but they are not
thermodynamically stable and can directly evaporate again, as they are below the critical clus-
ter radius r*. Only when a sufficiently large supersaturation is present, the clusters may become
large enough in size to be stable and grow as the negative volume energy becomes large
enough to overcome the positive term for the surface energy.
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Figure 2-2: Schematic [45] showing the Gibbs free energy in relation to the size of a spherical cluster
and the critical radius r* for an idealized chemical compound. Reprinted with permission by Sage Pub-
lications.

When now coming from the idealized aerosol picture to growing carbon particles in the form of
soot or carbon black, some differences have to be noted as such particles consist of intercon-
nected aromatic rings and not condensed carbon atoms. Figure 2-3 depicts a sketch for the
different processes occurring during the formation of soot-like particles. At first, the hydrocar-
bon reactant is decomposed into small fragments which then start to reassemble into small
aromatic rings and further fuse and grow into larger polycyclic aromatic hydrocarbons (PAH).
As can also be seen in Figure 2-3, the exemplary shown molecular clusters aggregate or ag-
glomerate which then transforms them into three-dimensional soot-like particles. The growth
of clusters and particles can be partly described by HACA-like (HACA: hydrogen abstraction
acetylene addition) surface growth [46], in which hydrogen containing surface sites are acti-
vated and start to bond with acetylene or other reactant species. The particles will show a
characteristic inner structure which is linked to the type of PAHs grown, i.e., the specific pyrol-
ysis or combustion conditions [47]. Following their first formation, the particles will agglomerate
and/or aggregate into larger particle aggregates with a morphology and fractal dimension de-
pending on their characteristic collision and sintering times [48-50]. In case oxygen is also
present, parallel oxidation of the particles in form of reverse surface growth can also occur,
which will reduce their size or fully remove them.

The transition (condensation) from gaseous PAH molecular clusters towards a solid or liquid
particle is ill defined but usually assumed to happen for clusters exceeding four to five aromatic



rings. In an idealized image, the clustering of PAH molecules towards particles is driven by
different (partly reversible) physical and chemical processes that can occur simultaneously but
are still highly debated [51-55]. For a more detailed discussion on debated mechanisms for
soot inception, see the extensive review of Martin et al. [56].
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Figure 2-3: Different stages of solid carbon growth starting from reactant pyrolysis up to the agglomer-
ation of formed solid carbon structures. Reprinted and altered with permission by Elsevier [56].

When now distinguishing between graphene and soot-like particles with graphene being a
monolayer of sp? hybridized hexagonal carbon rings, it is clear that graphene represents an
ideal large PAH molecule that does not cluster in the different growth stages. Instead, if it forms
by the same processes as soot-like particles, it most likely forms by ordered continuous growth
at its edge by adding small carbon fragments and clusters to the overall structure. Figure 2-4
visualizes an example for the distribution of different PAH fragments in dependence of their
hydrogen-to-carbon ratio (H/C) and their number of carbon atoms extracted from a sooting
flame. As a comparison, a bold line depicting fully fused (pericondensed) aromatics is shown.
The bold line can be considered to represent an ideal growing graphene monolayer. It can be
seen that the combustion sampled PAH fragments vary drastically in size and deviate largely
from the idealized pericondensed curve.
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Figure 2-4: Different aromatic carbon fragments sampled from a sooting flame at two positions Z above
a burner [57]. The black line refers to fully pericondensed aromatics, i.e., ideal graphene structures.

One reason for these deviations can be crosslinking between different PAHs and the inclusion
of defects such as five- and seven-membered rings in the structure (compare to structures in
Figure 2-3). The inclusion of such non six-membered rings can enhance the crumpling and
growth into three-dimensional structures [58, 59] and result in strong contortions of the struc-
ture which may further increase the formation of three-dimensional structures. Examples for
highly strained and contorted PAH molecules are well known in chemical synthesis (e.g., [60,
61]), are predicted by molecular dynamics simulations [62, 63], and can be observed in sooting
flames [64].

When looking at their formation pathway in aerosol processes, the formation of five- and
seven-membered rings has been theoretically proposed in the past by Whitesides to be tem-
perature sensitive [65]. Five- and seven-membered rings become unstable at temperatures
above 2000 K leading to their removal which results in only flat six-membered ring containing
PAHs. More recently, authors such as Leon et al. and others showed that such structures can
be stabilized at similar temperatures in larger PAH structures by specific reactions [66, 67],
thus the quantitative effect of temperature on the inclusion of non six-membered rings is still
up to debate as there also exist other proposed pathways which transform five-membered
rings to six-membered rings [68]. In general, it is known that the amount of soot generated in
flames depends on the temperature and does show a characteristic bell-shaped curve, i.e., at
too high temperatures, the volume fraction of solid carbon becomes smaller [69, 70]. A com-
monly used explanation in accordance with Whitesides is that at high temperatures, a large
fraction of the required precursor molecules become unstable. Additionally, experiments per-
formed in high-temperature flames by Dasappa et al. showed the formation of graphitized and
graphenic structures when the temperature of the flames is increased [71-73]. Therefore, high
temperatures seem to favor the formation of larger sized ordered PAHSs.

Another aspect that has been considered important is parallel oxidation of the growing carbon
clusters. It was shown theoretically that the oxidation of PAH molecules depends on their struc-
ture and the oxidant used [74, 75]. Consecutive theoretical studies revealed that the oxidation
of five-membered rings is faster when atomic oxygen is the oxidant compared to molecular



oxygen or OH [76]. Based on these considerations, Leon et al. proposed a model in which the
type of carbon nanostructures obtained only depends on the partial pressure of either molec-
ular or atomic oxygen as oxidizer in typical flame conditions [77]. Detonation experiments with
acetylene/O, mixtures have also shown the formation of graphene-like materials, but also
reach larger temperatures (>2500 K) [78, 79].

To summarize, solid carbon is formed by the formation of growing molecular PAHs. Depending
on the growth conditions, the interaction between these clusters and their own properties can
change. Graphene monolayers can be considered as a single large PAH, which indicates that
their growth is not governed by the agglomeration or aggregation of PAH clusters but instead
by controlled edge growth. In the following Section 2.2.1 a short overview of studies concerned
with the growth of freestanding graphene is presented.

2.2.1 Studies on graphene growth in plasmas

The catalyst-free gas-phase growth of freestanding graphene-like materials is experimentally
investigated in a large variety of different plasma systems including inductively coupled plas-
mas, gliding arcs, and microwave plasmas. Most of the studies are phenomenological in nature
and are not as detailed as some of the studies on the formation of soot presented in the previ-
ous section. Yet, some interdependencies between the reactants and specific grow conditions
have been revealed. As an example, Dato et al. [36], Mlnzer [35] and Fronzcak et al. [37, 80]
varied the (oxygen-containing) reactants supplied in their respective plasmas to investigate the
effect of the reactant’s elemental composition on the grown carbon nanomaterials. In all three
cases the conclusion is that a specific elemental composition of the reactant has an impact on
the growing carbon materials in which 2:1 carbon-to-oxygen ratios such as in ethanol are fa-
vorable. Increasing the C/O ratio leads to an increasingly larger fraction of soot-like particles
being formed. The absolute reactant concentration [81-83] and the residence time [36, 84, 85]
are also observed to impact the grown carbon materials. Experiments with varying reactant
concentrations show that under otherwise identical conditions, lower reactant concentrations
favor the formation of freestanding graphene while larger concentrations lead to mixed carbon
materials. When the residence time is varied, it is shown that longer residence times can lead
to a shift from the formation of freestanding graphene towards thicker stacks of layers [85] or
graphitic particles [36, 84]. Other authors are able to show that the specific time-temperature
profile in the reactor affects the growth conditions leading to the formation of different types of
carbon materials [86-90]. Pristavita et al. [86] and Toman et al. [88] altered the reactor dimen-
sions, Wang et al. [89] changed the reactant input position, and Tartarova et al. artificially con-
trolled the downstream wall temperature [87]. In all cases differences in the grown carbon
material are noted. Some authors also argue that high temperatures (>2500 K) and the pres-
ence of C2 species are pivotal to generate ordered carbon structures [89-92]. Additionally, the
influence of hydrogen on the growth process has been investigated and the results suggest
that hydrogen addition can be beneficial to favor the formation of a specific carbon material
such as freestanding graphene [93-96]. The common argument used for the effect of molecular
hydrogen is that it passivates/inactivates the surface of growing PAH molecules and therefore
prevents and slows further growth or reactive assembly into three dimensional structures.

As a specific example and similar to the fundamental studies for the growth of soot, the work
of Toman et al. [90] used an atmospheric microwave plasma torch and analyzed the growing
PAH clusters when synthesizing solid carbon particles from ethanol vapor under varying



conditions. For analysis, they sampled molecular species grown in the plasma reactor by pro-
ton-transfer-reaction time-of-flight mass spectrometry (PTR-TOF-MS) and tried to link it to the
grown carbon nanostructures. Their results show the presence of evenly spaced PAH mole-
cules up to 229 u with step sizes of 50 u (+1 six-membered ring) and intermediate separations
of 24/26 u suggesting the growth of PAHs by acetylene addition. They measured both even
(C2nHx) and odd (Can+1Hx) sized clusters, i.e., pericondensed PAHs and PAHs containing de-
fects such as pentagons. When the input microwave power was increased, they observed an
increase in (rotational) gas temperature and the relative fraction of even-numbered carbon
clusters increased leading to less defective carbon materials, i.e., again giving evidence that
higher temperatures are favorable for the synthesis of freestanding graphene.

Based on the fundamental description of carbon growth and the aforementioned different in-
vestigations there are two major question which will be addressed in this thesis.

First, when graphene materials only grow by edge growth, it should be possible to sample and
observe perfect monolayers in the early growth stages. Additionally, this might give insight into
the morphology and structure generation as the materials harvested are usually highly crum-
pled and vary drastically from perfect round monolayer graphene.

Second, what is the effect which makes specific C/O ratios favorable for the synthesis of gra-
phene? The primary goal in this context is to rationalize the empiric studies as performed by
Dato et al., Mlnzer et al., and Fronzcak et al. by eluding the effect of oxygen on the process.

2.3 Ex situ measurement techniques for the analysis of carbon nanomateri-
als

2.3.1 Raman spectroscopy

Raman spectroscopy is commonly employed to characterize carbon materials as it is very
sensitive to their microstructural properties The method is based on the inelastic scattering of
light with a sample which is probed (Figure 2-5). For the measurements, the sample is illumi-
nated by a laser beam with a fixed frequency w which either interacts elastically (Rayleigh
scattering) or inelastically with the sample (Raman scattering).
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Figure 2-5: Sketch depicting the elastic (Rayleigh) and inelastic (Raman) scattering of radiation (Re-
printed with permission by Elsevier [97] p.17).

Depending on whether the frequency of the inelastically scattered light is shifted to higher or
lower values, it is referred to as Anti-Stokes and Stokes scattering. The light used for excitation
couples to the vibrational modes of the sample. In solids the vibrational modes are a result of
a collective atom motion which depend on the crystal structure and are called phonons. When
the frequency of the emitted light (in relation to the excitation beam) decreases, the energy
difference is attributed to the excitation of a phonon with the energy w. When the frequency
increases, the increase is attributed to the obliteration of a phonon. Not all vibrational modes
are Raman active but they have to obey and fulfill specific selection rules. For vibrations that
are Raman active, the selection rules require the polarizability a to change in respect to a
change of the amplitude Q of the vibrational motion.
Ja
30 #0 Eq. 2-1

In case of solid carbon materials, the Raman active vibrational modes refer to oscillations of
the six-membered ring structure and specific bonds. In the following the focus is on the inter-
pretation of the measured G (~1350 cm™), D (~1850 cm™), and 2D (~2695 cm™') Raman
bands and not on the detailed theory of their generation. Thus, only a short summary is pre-
sented. More details on their origin and their behavior can be found in the book of Jorio et al.
[98] or several review articles, e.g. [99-101]. As a short summary, the D band is activated by
elastic electron scattering defects in the sample. The G band represents an oscillation of
sp?-bonded carbon, so it is also observed in highly disordered carbons but sensitive to sample
properties such as strain and doping. The 2D band is second order overtone of the D band
and its intensity is sensitive to the band structure and structural order of the carbon materials.
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2.3.1.1 Raman bands of ordered and disordered carbon materials

In general, the Raman bands of graphene are directly linked to fundamental interactions be-
tween generated charge carriers and the band structure of the material. Thus, the Raman
bands are commonly employed to analyze graphene samples and infer their properties. The
number concentration of structural defects and the crystallite size are two quantities which can
be extracted from the D and G band [102, 103]. The 2D band is commonly employed to probe
the number of stacked graphene layers (e.g., for Bernal stacked layers [104]). Other infor-
mation such as the level of strain or doping can also be inferred from the position of the 2D
and G bands in monolayer samples [105]. Figure 2-6 shows an example for two Raman spectra
recorded for two carbon materials synthesized during this work in which all the discussed
bands are present and clear differences between their intensities and widths are observable.
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Figure 2-6: Raman spectra recorded of soot-like particles and FLG prepared in the plasma reactor.

The calculation of the layer number employs a model which is based on the induced changes
of the band structure by the addition of more layers. This criterion is used on graphene mate-
rials which have been either grown by CVD or were prepared by exfoliation techniques as the
stacking order of such materials is known. In case of the gas-phase synthesized materials
prepared in this work, the stacking order is not automatically known and not necessarily ho-
mogeneous. Instead, usually an arbitrary stacking and folding in the generated flakes is ob-
served. The measured intensity and width of the 2D band in the Raman spectra do not match
to the expectations of Bernal stacked layers. A possible explanation might be that the random
folding of layers leads to the formation of turbostratic stacking. It is known that turbostratic
stacking produces a different evolution of the band structure which still results in a single Lo-
rentzian band instead of the combination of multiple bands which generate the analyzed broad-
ening [106-109]. A proof for the observation of such stacking order can be the specific combi-
national modes in the range of ~1750-2200 cm~" [110-112]. However, bands in this region are
not consistently observed for every measurement, so they are not used for analysis.

The models used to predict the crystallite size or defect density require to fit the different bands
to extract the ratio of integrated areas of the D and G band (Ao/Ac) and the width of the G
band. The models are developed for the application in monolayer graphene, so an application
to multilayer structures which also might contain strain and dopants is not straightforward and
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requires careful examination [102]. Another aspect affecting the measured Raman specitra is
the specific morphology of the graphene flakes generated in plasma synthesis. Compared to
flakes generated by CVD and, e.g., mechanical exfoliation, the flakes are quite small in size
with ~200-300 nm of equivalent diameter. Therefore, the excitation laser beam will always
measure the edges of the flakes which in case of a (symmetry-breaking) armchair configuration
will contribute to the detected D band intensity [113, 114]. Other works suggest that scattering
promoting a D band can also be generated at folds [115, 116].

When analyzing highly defective carbon materials such as specific soot’s, the crystallite sizes
and defect concentrations can also be estimated based on the D and G bands. In case of soot-
like particles, the presence of additional bands is observed in the region between 1100—
1650 cm™" with some of them being characteristic for defective sp3-carbon structures [117,
118]. Dependent on the degree of crystallinity, the separation of D and G band disappears and
is instead filled up with another defect induced band [119]. Another important difference com-
pared to graphene-like materials is the weakened 2D band intensity.

To conclude, for simple homogeneous carbon samples models exist that based on their re-
spective assumptions have limited applicability. Therefore, it is not possible to directly extract
quantitative information about, e.g., specific layer numbers or defect densities from the syn-
thesized carbon samples. Additional problems arise when the samples analyzed are hetero-
geneous as in this work in which the samples are rarely consisting of just one carbon phase.
As an example, it may not be clear which part (width, intensity) of e.g., the D band belongs to
which phase. Still, it is possible to qualitatively distinguish between disordered and ordered
carbon materials. In cases where the Raman bands in the region of 1100-1650 cm™ are not
well separated and a shoulder in the range of 1100-1250 cm™ can be observed, the presence
of disordered carbon structures such as soot-like particles is likely, especially when the 2D
band is not as pronounced as for pure graphene samples.

For the measurements, a small amount of a sample is transferred onto a glass plate and com-
pacted with a spatula. The measurements are performed at room temperature under ambient
atmosphere at wavenumbers between 300 and 3200 cm™'. A Renishaw inVia confocal Raman
microscope is operated with a 532 nm frequency-doubled continuous-wave Nd:YAG laser and
a diffraction grating of 1800 lines/mm. During measurement, the laser power was set to
~0.07 mW with a spot size of 10-15 ym in diameter. These conditions (<100 W/cm?) are cho-
sen to prevent any sample heating or induced reactions [120] during the measurements. The
measurements were performed at two or more separate locations for each sample, as the
prepared powder bed does not fulfill the necessary requirements for Raman maps.

2.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is employed to image and analyze the generated
carbon materials. Explicit details on the instrumentation and imaging can be found in the books
of, e.g., Leng [121] and Brydson [122]. For such measurements an electron beam with accel-
eration voltages up to ~400 kV is generated and both focused and guided with the help of
magnetic and electrostatic lenses. The theoretically obtainable resolution is depending on the
electron energy because the de Broglie wavelength of an electron scales with its energy.
Hence, because of the high acceleration voltage, the electron beam allows for imaging with a
high resolution (<1 nm) when aberrations are corrected. The elastic or inelastic interaction of
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the electron beam with the samples is driven by different mechanisms, which allow to infer
different corresponding properties of the sample.

Some electrons are elastically scattered while passing the sample, which modulates the de-
tected electron beam intensity and generates an image. Diffracted electrons are excluded from
reaching the detector. When the contrast is generated by such interactions (mass-density con-
trast and diffraction contrast), it is called an amplitude contrast. When high-resolution TEM
(HRTEM) images are generated, both the diffracted and non-diffracted transmitted electrons
are analyzed which together generate an interference pattern based on their phase shifts
(phase contrast).

Additionally, electrons can inelastically scatter with the sample. They can collide with other
electrons of the atoms in the sample and kick them out leading to core level ionization. These
states are refilled by electrons of higher energy which can then lead to the emission of (ele-
mental) characteristic X-ray photons or Auger electrons. The ratio of emitted Auger electrons
to X-ray photons is depending on the mass of the atom. Light elements tend to emit a larger
fraction of Auger electrons while heavy atoms emit relatively more X-rays. An emission spec-
troscopy method analyzing the emitted characteristic X-ray photons is the energy dispersive
X-ray spectroscopy (EDX). It allows to determine the elemental composition of the sample
locally resolved to, e.g., visualize the presence and distribution of contaminants. A separate
absorption spectroscopy method is the electron energy loss spectroscopy (EELS). For this
analysis method, the kinetic energy of transmitted electrons is measured and analyzed. EELS
spectra can be separated based on processes involved in the inelastic electron scattering in
low loss (<50 eV) and high loss region (>50 eV). The high loss region maps the ionization
edges of the different elements but also allows to analyze its fine structure. In carbon materials,
the fine structure can give information about the present chemical bonds [20, 123, 124].

TEM and HRTEM measurements are performed with a Cs-corrected JEOL Jem 2200FS using
200 kV acceleration voltage. The samples which are harvested from the filter (compare to Fig-
ure 3-5) are prepared by dispersing a small amount of the sample powder in absolute ethanol
(299.8 % purity) followed by ultrasonication for 20 min. A few droplets of the dispersion are
drop-casted on lacey copper TEM grids and dried under a fume hood. Contrary, the samples
collected with the thermophoretic sampling system (see. Sections 2.4.2 and 3.3) are measured
without further sample preparation as they are directly deposited on TEM grids.

2.3.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) describes a method in which the mass of a sample is rec-
orded in relation to an applied temperature program. The measurements are called dynamic
when a constant heating rate is applied or isothermal when the temperature is held constant,
but custom heating programs are also possible. For the measurement the atmosphere (inert,
reactive) can be adjusted to look at reactions of interest. The temperature-resolved mass
changes then allow to deduct information about chemical reactions like oxidation or decompo-
sition occurring in the measured sample. Additionally, the differential thermogravimetric (DTG)
curve is complementarily displayed to show the rate of mass change. The method can be
combined with the simultaneous measurement of heat flow (Simultaneous thermal analysis)
or the measurement of the evolving gases by, e.g., a mass spectrometer. In his work, TGA
measurements are in all cases combined with quadrupole mass spectrometer (QMS)
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measurements of the released gases. More details on instrumentation and calibration proce-
dures can be found in the books of, e.g., Laye et al. or Gabbot et al. [125, 126].

For characterizing the microstructure of carbon materials, a common approach to is to meas-
ure the mass loss by combustion. The oxidation reaction is heterogeneous and will depend on
the transport processes of the oxidizer to the surface of the carbon material and on the number
of available active sites. The transport phenomena involve the diffusion of the oxidizer to the
surface of the carbon material, its adsorption and chemical reaction, followed by the desorption
and removal of products (Figure 2-7). The active sites and the corresponding reaction rates
depend on the specific edge site and the oxidizer used [74, 76]. Because the oxidation process
possesses such dependencies, it proceeds differently when the carbon materials have varying
properties such as graphene compared to more amorphous soot-like particles.

\
\ 1 - Diffusion of oxygen to the particles

o
7 2 - Adsorption of oxygen on the carbon surface

/ . »
, 3 -Chemical reaction

N 4- Product desorption
CO, CO2, 0, 5- Diffusion of products out of the particle

Figure 2-7: Transport processes involved in the oxidation of carbonaceous materials [127].

It is known that the oxidation onset and speed can vary dramatically when more or less gra-
phitic soot types are analyzed by thermogravimetry (400-900 °C) [128-131]. For graphene-like
materials, similar observations are reported and the DTG profiles can be employed to distin-
guish between graphene oxide, reduced graphene oxide, few-layer graphene, and graphite
[132, 133]. Interlaboratory comparisons have shown that thermogravimetry does perform well
in terms of reproducibility and confidence, therefore, the method is considered to be imple-
mented in the International Organization for Standardization (ISO 229) and International Elec-
trotechnical Commission (IEC 133) standard for the chemical characterization of graphene-like
materials [134]. Additionally, it can be employed to detect metal contaminants which are able
to catalyze the oxidation reaction [135].

The carbon samples prepared in this work mostly contain soot-like particles and FLG. In case
the oxidation of the soot-like particles (depending on how graphitic they are) does not overlap
with the oxidation of FLG, the different carbon phases can be quantified. The analysis is per-
formed based on a calibration procedure which also involves the CO. evolution measured by
the QMS and is described in more detail in the Appendix Section 9.1. For the measurements,
a Netzsch STA 4491 F1 Jupiter connected to a Netzsch QMS 403 D Aéolos for simultaneous
mass spectroscopic measurements is employed. For all these measurements, O» (17 % or
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25 %) diluted in Ar was introduced into the sample chamber, in which materials are thermally
treated from 40 to 1000 °C at a heating rate of 5 °C/min. The mass spectrometer was set up
to monitor the mass to charge (m/z) ratios for the TG combustion products and reactants, i.e.,
water and CO- fragments, O, and Ar.

2.3.4 Gas adsorption isotherm

Gas adsorption describes the fundamental physical process of a gaseous species becoming
attached to a solid material by the means of physical or chemical forces. There exists a large
number of practical applications and characterization methods utilizing adsorption processes
in, e.g., thermal separation processing or for characterization of materials. One analysis
method based on physisorption is the determination of e.g., pore volume, type of porosity, and
the specific surface area (SSA) by measuring adsorption isotherms. More details on relevant
adsorption processes can be found in corresponding books, e.g., [136, 137].

Adsorption isotherms can be recorded for the adsorption of any gaseous species and are clas-
sified by the International Union of Pure and Applied Chemistry (IUPAC) based on their specific
shape into six different categories [138]. Its shape can give insights into whether the measured
sample possesses micro- (<2 nm), meso- (2-50 nm), or macropores (>50 nm) and whether
other physical processes such as cavitation are occurring. A way to perform the measurements
is to dose specific amounts of adsorbent species to the sample and to monitor the equilibrium
pressure at which the rate of adsorption and desorption is equal. When repeating the process
multiple times, an adsorption isotherm displaying the number of adsorbed species in relation
to its partial pressure is generated. To extract the specific surface area of a sample, a standard
approach is to apply the model developed by Brunauer, Emmett, and Teller (BET) [139]. The
BET model describes multilayer adsorption on a surface while requiring some fundamental
assumptions. As an example, one assumption is that no interactions between neighboring ad-
sorbed species occur and that the surface has homogeneous adsorption sites. Therefore, its
applicability is limited by, e.g., the type of observed isotherm or which type of porosity is present
in the sample. The linearized version of the BET equation is shown in Eq. 2-2. The equation
describes the amount of adsorbed species n(p) in dependence of the measured equilibrium
pressure p. C describes an empirical constant, nm the monolayer capacity of the adsorption,
and p° is the saturation pressure of the used adsorbent.

0
P/p = 1,C 1(p/p0) Eq. 2-2
n(p)(1 _p/p ) nmC nmC

To determine the surface area, the obtained datapoints have to be converted in a BET plot
format by plotting [p/n(p)(p°—p)] against p/p° and the values for nm and C can be extracted from
the slope and intercept. When nn, is known, the surface area can be calculated. The BET anal-
ysis is usually restricted to datapoints recorded in the range of ~0.05-0.3 p/p° but can be al-
tered to different ranges when care is taken.

2.3.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) allows to probe the composition and bonding state of
measured materials in a surface sensitive manner by determining the kinetic energy of emitted
electrons. The electrons can thereby be created by two processes shown in Figure 2-8.
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Figure 2-8: Generation of a) photoelectrons or b) Auger electrons. Reprinted with permission by John
Wiley & Sons [140].

Core level electrons can be directly excited by the absorption of an X-ray photon with the en-
ergy hv when the energy surpasses the binding energy and the work function for the electron.
As already mentioned when describing TEM in Section 2.3.2, secondary emission can occur
when the now unoccupied level is repopulated by electrons from outer shells. Either an X-ray
photon or an Auger electron is emitted. The process is surface sensitive because the gener-
ated photoelectrons can scatter in the material and reabsorb. Therefore, only electrons are
detected which are excited near the surface within their kinetic energy dependent escape
depth, which is usually below 10 nm (Figure 2-9). The energy of the emitted electrons is char-
acteristic for the core level of its parent atom. Hence, it can be used to identify the (surface)
elemental composition of materials. Furthermore, the kinetic energy is sensitive to the “envi-
ronment” of the involved atoms (chemical shift), so it is used to analyze the atomic bonds.
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Figure 2-9: Losses of generated photoelectrons leading to surface sensitivity of XPS measurements.
Reprinted and modified with permission by John Wiley & Sons [141]

Measurements of carbon materials directly allow to analyze the type of bonding and the pres-
ence of impurities or dopants. Figure 2-10 displays the comparison of typical measured spectra
of FLG and soot-like particles (both contain <1 at.% oxygen) for a high-resolution scan of the
C1s spectrum. The line shape and position of the carbon signal depends on the carbon
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structure, i.e., the hybridization state. Carbon materials possessing sp? hybridization show an
asymmetric line shape while sp® hybridization generates a symmetric line shape and their line
positions are different at 284.3—284.6 eV and ~285 eV respectively [142, 143]. Additionally, sp?
carbon materials show a characteristic n—n* shakeup feature at ~290 eV. Because soot-like
particles contain a different sp?/sp3.bond ratio than FLG, the C—C bond line is slightly shifted
to larger binding energies and the line is broader and more symmetric. Based on the shift in
line position and shape, Minzer [35] developed an empirical model to fit the carbon line for
heterogeneous samples (containing both soot-like particles and FLG) and infer their concen-
trations. The same approach is used within this work as well.

Cis C-C

1 ——FLG
—— Soot-like particles

Normalized intensity /

294 291 288 285 282
Binding energy / eV

Figure 2-10: High-resolution XPS scans of the C+s carbon line obtained from measuring FLG and
soot-like particles.

The instrument used for the measurements is a PHI 5000 Versaprobe Il microfocus X-ray
spectrometer. Powder samples are mounted on a double-sided 3M Scotch tape onto the sam-
ple holder. An influence of the sample preparation on the measurements has not been ob-
served [144]. For all measurements, the angle between specimen and analyzer is fixed at 45°
and an Al-Ka source (hv = 1486.6 eV) is used for excitation. All spectra are attained using
11.75 eV pass energy, and shifted relative using a 360 s etched Cu-foil surface as reference.
The spectra are analyzed using Casa XPS [145].

2.4 In situ, inline, and particle sampling techniques applied in this thesis

2.4.1 Optical spectroscopy

In the context of this work, optical emission spectroscopy (OES) and infrared absorption spec-
troscopy are utilized to identify molecular and atomic species in and near the plasma and stable
pyrolysis products in the effluent of the reactor. In both cases, the measurements are influ-
enced by the properties of the molecular and atomic species as the absorbed or emitted light
is characteristic and represents specific energy transitions. In the following a brief description
of the involved energy levels and their analysis is given, while more elaborate explanations
and details can be found in the books of, e.g., Herzberg, Hanson, or Bernath [146-148]. Raman
spectroscopy on gas molecules is explicitly neglected, albeit it was used as a ex situ analysis
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technique on the obtained carbon particles (Section 2.3.1). Simple examples for the energy
level structure for atoms and molecules are depicted in Figure 2-11.
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Figure 2-11: Examples for the energy levels of atoms (a) and molecules (b) including their energy split-

ting. For (a), some of the low-lying lithium energy levels are shown (Reprinted with permission by
Springer Nature [149]), while (b) shows an arbitrary molecule (taken from [150]).

It can be seen that both atoms and molecules possess characteristic energy levels. The tran-
sition between the different levels is restricted by specific selection rules, i.e., not every energy
level can transition into another energy level. In atoms the energy levels are related to the
electron quantum numbers while in molecules these energy levels can be split into electronic,
vibrational, and rotational contributions. When either the emission or absorption is measured,
the intensity of the different observed bands will depend on characteristic factors describing
the specific transitions like, e.g., the occupation of the respective states and transition proba-
bilities. Therefore, in both cases information of the probed/observed molecules or atoms can
be obtained. For molecules it is common, e.g., to extract information about the gas-phase
temperature. For such purpose, different approaches can be used, but in all cases the relative
line intensities are related to the temperature dependent equilibrium occupation of excited
states (Boltzmann distribution). Care has to be taken though to not misinterpret some of the
occupied energy states as some of them may be generated by, e.g., reactions and not by the
equilibrium temperature.
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Another aspect is the analysis of the line shape as the width of the lines is not infinitesimal
small but determined by different broadening mechanism. The line shape can be described by
a Voigt profile which consists of Gaussian and Lorentzian contributions. The Gaussian pro-
file/shape contributions include the instrument function of the measurement system and Dop-
pler broadening generated by the movement of the species relative to the detection system.
The Lorentzian contributions can be distinguished between effects caused by pressure broad-
ening and natural line width broadening. The latter refers to the natural lifetime of an excited
state before it decays or recombines which when related to the uncertainty principle leads to a
small spread of energies. Pressure broadening then refers to processes which perturb either
the energy state itself or the lifetime of the excited state. Effects that change the lifetime of the
excited states are usually collisional processes, e.g., collisions with alike species (resonance
broadening) and collisions with different neutral perturbers (Van der Waals broadening). In
plasmas, Stark broadening is observed as well, which is generated by nearby ions or electrons
that alter the energy state of the excited species via electric microfields (Coulomb interaction)
[151-153]. Because the broadening mechanisms depend on parameters such as the gas tem-
perature and the number density of the perturbing species, the line shape can be deconvoluted
to gain corresponding information.

2.4.1.1 Optical emission spectroscopy

OES utilizes the emission of light to determine properties of the light emitting system. In a
plasma this may yield information about, e.g., concentration of electrons or the temperature of
different present species. The intensity of an emission line in energy per second from a state
n to m can be defined following the definition by Herzberg ([146] p. 20) as:

Ion= NoAC T Aam Eq. 2-3

The emission intensity is proportional to the number of species in the initial state N, and their
effective transition probability A.m in addition to the energy of each emitted photon of energy
hcvam. Assuming that the number of species in the initial state is only occupied based on the
equilibrium temperature, it can be substituted with the Boltzmann distribution leading to Eq.
2-4. E, is the energy of the transition, g, the degeneracy of the energy level, and Z(T) the
partition function.

exp [_En/ ks 7l Eq. 2-4
Z(T)

Rearranging the equation and taking the logarithm on both sights yields the general form (Eq.
2-5) used for the Boltzmann plot method. Plotting the logarithm against the energy level of the
upper state will — in case of equilibrium — lead to a straight line which slope can be used to
calculate the characteristic temperature T.

lom = hCVnmAnmNogn

Inln—m = const. — En
VnmAnmgn - kB T

Eq. 2-5

There exist a number of different more specific formulations for the Boltzmann plot formula
depending on the temperature which is analyzed and whether the lines are observed as emis-
sion or absorption. As an example, atomic emission lines such as Ar are commonly used to
estimate excitation or electron temperatures in plasmas while the molecular lines allow one to
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obtain information about rotational and vibrational temperatures of the corresponding mole-
cule. Within the thesis (Sections 5 and 6), the emission lines of OH and C; are used to obtain
rotational temperatures after simplifying Eq. 2-5 with some assumptions (details of the em-
ployed formulations are given in Section 9.3 of the appendix). Thus, as a second approach,
the measured C; spectra are also fitted by comparing them to simulated spectra with the soft-
ware PGOPHER [154]. The program can simulate emission and absorption spectra for a wide
range of small molecules. For further information the online documentation is suggested [155].

Another common approach in plasmas is to use specific lines of the emission of atomic hydro-
gen (Balmer series) to estimate electron concentrations. Thereby the line width is deconvo-
luted into different contributions including the Stark shift, which gives information on the elec-
tron concentrations near the emitter. However, a full calculation and analysis of the Stark shift
was not possible during this work and the reasons are discussed in more detail in the appendix
Section 9.3.

2.4.1.2 Infrared absorption spectroscopy

As mentioned in the previous section, molecules possess vibrational and rotational energy
levels. Infrared radiation is able to excite the vibrational levels when specific selection rules
are fulfilled. Gaseous molecules will also show a complex rotational fine structure. The amount
of light a molecular species absorbs depends on its concentration, absorption cross section
and the absorption length. Eq. 2-6 describes the expected attenuation of light in form of the
Beer-Lambert law ([147] p.125). L describes the path length for the absorption, n is the number
density and oy is the absorption cross section.

é =exp(-no,L) Eq. 2-6
The absorption measurements are not performed with narrow wavelength IR light but instead
by using wideband IR light analyzed by Fourier transformed infrared spectroscopy (FTIR). In
FTIR, a Michelson interferometer is employed which produces an interferogram. The interfer-
ogram contains the intensity of light in relation to the optical path difference which is changed
with a movable mirror. Fourier transforming the interferogram then generates the absorption
spectrum showing characteristic lines for the different active molecular species [156]. Analyz-
ing the fine structure of molecular lines can then be used to employ the Boltzmann plot method
and determine the rotational temperature.

2.4.2 Thermophoretic sampling of particles

Particles generated in aerosol processes typically show a distribution of their particle size. The
distribution poses a problem for the collection of particles, as most deposition mechanisms are
a function of the particle size. Hence, collecting particles in a way that represents their particle
size distribution in the aerosol is challenging. As an example, gravitational settling does directly
depend on the particle mass, i.e., smaller particles can take magnitudes longer to collect ([157]
pp. 407—-409) leading to larger particles being overrepresented compared to the particle distri-
bution in the aerosol. Similarly, depositing particles by exposing them to an electric force de-
pends on the acquired charges of the particles, which is strongly size dependent [158] and
again leads to an overrepresentation of large particles.
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For sampling of hot carbon particles during formation and growth in the aerosol, thermophoretic
deposition is employed in Sections 6 and 4. Thermophoretic forces generate particle motion in
a temperature gradient. In a microscopic picture, the particle motion is generated by collisions
with more energetic molecules from the hot side, which transfer momentum to the particle
leading to a net flow towards the cold surface. Unlike both previously mentioned examples,
gravitational settling and electrical precipitation, thermophoretic particle deposition is almost
independent of particle size for Knudsen numbers in the free-molecular regime (Kn > 1). The
Knudsen number is defined as the ratio of twice the mean free path of the gas molecules (/g)
to the particle diameter (d,). Figure 2-12 shows a plot depicting the dependence of the dimen-
sionless thermal settling velocity on the Knudsen number (the mean free path uses the index
p). As can be seen, the dimensionless thermal settling velocity in the region Kn > 1 is almost
constant while the region Kn < 1 shows strong variations in the settling velocity, which also
depend on the ratio of thermal conductivity of the considered particle (k,) and the gas (kg). The
mean free path Iy for the experiments described in this thesis is estimated with Eq. 2-7 ([157]
p.399). For the calculation values for the gas viscosity g, gas pressure pg, molecular mass
Mg, and gas temperature Ty are required. Values for the gas viscosity are taken from literature
(~5.5%x107° and ~12x107° Pa s) [159] based on the estimated gas-phase temperature at the
sampling position of ~1000 and 2600 K (temperatures are based on a temperature profile
which was generated during the work for this dissertation, see. Figure 5-13).

2ug

8 Mg Eq. 2-7
Py |ZRT,

Based on these assumptions, values of ~314 nm (1000 K) and ~1 pym (2600 K) are obtained.
As most of the generated single FLG flakes and soot aggregates are in the range of 100-
300 nm, the sampling is therefore considered to be representative for the aerosol particle size
distribution.

ly =

An aspect which is neglected in the aforementioned considerations is that the thermophoretic
force in the described and plotted model only applies to spherical particles. More advanced
models which described thermophoresis on non-spherical particles exist (e.g., [160]) but are
limited to theoretical descriptions. More details on aerosol behavior and dynamics can be found
in the books of Seinfeld and Friedlander [157, 161].
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Figure 2-12: Dependence of the dimensionless thermal settling velocity on the Knudsen number and
the thermal conductivity ratio kq¢/k, of the gas molecules compared to the considered particle ([161]
p. 51). Reprinted with permission by Oxford Publishing Limited.

2.4.3 Gas chromatography

Chromatography is a separation technique used to segregate single components of a multi-
component mixture. The working principle of chromatography is based on the interaction of
the mobile phase — a gas or liquid sample — and the stationary phase that can be either liquid
or solid. When the stationary phase is liquid, the process is called partition chromatography,
while using a solid is classified as adsorption chromatography [162]. In Section 6, gas—solid
chromatography coupled to mass spectrometry (GC/MS) is employed to measure the concen-
tration of gaseous products which are generated in the plasma reactor during the carbon syn-
thesis. Depending on the interaction (adsorption/desorption), the gas sample needs a specific
amount of time to travel through a capillary filled with the adsorbent and reach a detector. The
time required is called the retention time and is characteristic for the used measurement con-
ditions. To identify the species which show a specific retention time, the process can be cou-
pled to a mass spectrometer. In mass spectrometry, the species are ionized and then sepa-
rated based on their mass-to-charge ratio by employing electric or magnetic fields. Depending
on the employed ionization technique, characteristic fragment patterns of the parent species
are generated and can be analyzed with the aid of databases [163].

The GC/MS measurements are performed in Section 6 with an Agilent 7890A/ Agilent 5975C
combination to probe the gas species concentrations downstream of the plasma at a distance
of ~0.8 m height above nozzle (HAN). A Plot-Q column is used to separate the test-gas spe-
cies. Samples are taken during reactor operation by extracting gas samples into 3 | volume
vacuum containers (<1072 mbar I/s leak rate) through a vacuum lock. Prior to sampling, the
containers are purged with nitrogen and evacuated multiple times. Then, the containers are
filled with the gaseous sample up to ~800 mbar (absolute pressure). Afterwards, the containers
are transported and measured at the GC/MS system.
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25 Numerical simulations with Chemkin

The software Chemkin is employed to perform chemical equilibrium calculations and calculate
molecular species concentration profiles in the reactor during the synthesis (for both Sections
5 and 6). It contains several modules specific for a problem or topic such as a 1D plug-flow
reactor calculations. In all cases the modules are coupled to a chemistry set which contains
the reactions of interest and needs to be defined prior to the calculations. The chemistry set
consists of three different files which include information about the chemical kinetics, the fun-
damental thermodynamic data, and transport data for each species. In the following some
details about the methodology for these calculations are given, while more information on
Chemkin can be found in literature such as the book of Kee et al. [164].

To calculate the molecular species concentration profiles, simple 1D kinetics simulations are
performed. The reactor geometry does allow for fast and simple computation of the desired
species profiles, while more elaborate 2D/3D models require more precise boundary condi-
tions, which are partly unknown. Three different widely accepted and validated combustion
reaction mechanisms are combined for the calculations. As a base, the USC Mech Version Il
[165] mechanism with the addition of thermal ethanol decomposition taken from the CRECK
modelling group (CRECK_2003_TPRF_HT_LT_ALC) [166] is employed. For including nitro-
gen chemistry, the respective reactions from the GRI-Mech 3 [167] mechanism are added.
Reactions driven by plasma chemistry are not accounted for in the resulting reaction scheme.
This assumption can be justified by the fact that the plasma is mostly confined to the resonator
and no plasma torch reaching into the effluent is observed. Therefore, from distances of HAN
> 0.12 m, there is not a significant fraction of charged species expected and the process is
mainly thermal. The largest species considered in the mechanism are C6 and C7 species and
the formation of solid carbon particles is neglected. The simplification to not include carbon
growth can be justified by two aspects. First, there are no models available for gas-phase
graphene growth and other models (CRECK) for soot do not predict particle formation for the
employed assumptions and experimental conditions. Secondly, the yield of carbon particles is
for relevant experiments below 10 wt.%, thus, the effect on the concentrations is considered
negligible.

Simulations are performed with the 1D plug-flow module in Chemkin. The plug-flow reactor
module requires the input of several parameters including a temperature profile, species con-
centrations and the overall flowrate of the reactant mixture, the reactor dimensions, pressure,
inlet gas viscosity, and an estimation of the normalized internal and external surface area for
the implementation of surface reactions and heat transfer. Surface reactions and heat transfer
are ignored as the mechanism does not include them and the reactor walls are assumed to be
isothermal. The reactor dimensions are simplified by assuming that the complete domain (up
to 0.5 m) only consists of the quartz tube with an inner diameter of 70 mm. The reactor is
longer, but already at a distance of ~0.3 m and a temperature of <1000 K, stable species con-
centrations are predicted. The pressure is assumed to be 1000 mbar as this is the reactor
pressure during synthesis and for the inlet gas viscosity the value for Ar at the assumed tem-
perature is chosen. A temperature profile is generated during this thesis based on the temper-
ature extracted from the OES and IR-absorption measurements. It is further refined by ther-
mocouple and pyrometry measurements [168]. As a result, the temperature is assumed to drop
from 3700 K at 0.09 m HAN to 600 K at 0.35 m HAN. The overall reactant flowrates and spe-
cies concentrations are put into the model as supplied into the reactor.
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Chemical equilibrium calculations are performed employing the same combustion mechanism
with the chemical and phase equilibrium calculations module. Calculations are performed for
1 bar input pressure and specific gas compositions. A step size of 10 K in the range of 300—
8000 K for constant temperature and volume is chosen. The reliability of the chemical equilib-
rium calculations is limited to typical combustion temperatures, because the utilized combus-
tion mechanisms only contain a small number of species and some of the species’ properties
are estimated.
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3 Experimental setups

For the work in this thesis, two similar microwave plasma reactors are employed to synthesize
carbon particles when being fed with hydrocarbon reactants. Previous work has shown that
such reactors are well suited for generating carbon particles as they also allow control on the
type of allotrope formed. Depending on the specific experiments and the in situ or inline meth-
ods applied, one or the other reactor is operated. Both reactors share the same characteristics
in the plasma generation and reaction zone, while the geometry of the reactor housing in which
the post-plasma gas is released to differs in diameter, length, and ports (windows and flanges).
In the following the working principle and design of the plasma reactor for the carbon particle
synthesis is explained. Afterwards, Sections 3.1-3.3 describe the different configurations for
the employed in situ methods and the equipment used.

To ignite and maintain the plasma, microwave radiation with a frequency of 2.45 GHz is trans-
ported via waveguides (WR340) to a resonant cavity in which the plasma is formed. The res-
onant cavity used is for both reactors a CYRANNUS® (CYlindrical Resonator with ANNular
Slots) from iplas GmbH. It consists of an outer ring resonator which focuses microwave radia-
tion homogeneously through multiple annular slots into an inner cylindrical resonator. The inner
cylindrical resonator thereby acts as a TMo2 cavity enhancing the electrical fields in three dif-
ferent regions: the center and two rings in the upper and lower resonator (see e.g., simulations
in the work of Munzer [35] p. 22). TM thereby means transversal-magnetic i.e., the magnetic
fields are perpendicular to the wave propagation direction. In the normal use case, a quartz
tube of 70 mm inner diameter is placed in the cylindrical inner resonator which is transmissive
for the microwave radiation and wavelengths in the UV-VIS region, while it seals the reactor
against the outer atmosphere with two O-rings. Hence, the quartz tube acts as a reaction tube
for the complete vacuum vessel. For igniting the plasma, the reactor is pumped down to vac-
uum at approx. 10—20 mbar absolute pressure and microwave radiation is supplied. Because
of the installed quartz tube, the regions which can potentially show increased electric field
strength which are not in the middle of the resonator, are open to ambient air, so the plasma
ignition is hindered as the required breakdown voltage is larger than in the middle. Instead,
after supplying enough microwave power to ionize molecular and atomic species, a plasma is
only formed and maintained in the middle of the cylindrical cavity. Figure 3-1 depicts a sketch
of the microwave coupling, the resulting electrical field distribution, and a picture taken of an
Ar/Hz plasma at atmospheric pressure from above. The resonator has the advantage that it
generates a homogeneous plasma in its center which can be operated in a wide pressure
range from vacuum to — at least as reported — 1.5 bar and can be adapted for different pro-
cesses such as chemical vapor deposition, gas-phase synthesis of nanoparticles, or gas re-
forming [169-172].
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Figure 3-1: The microwave coupling into the CYRANNUS® resonator and the resulting electrical field
distribution is shown on the left [173] (reprinted with permission by IOP publishing Ltd). On the right a
picture taken of the plasma containing Ar and Hz from above at atmospheric pressure is shown.

The two reactors are supplied by magnetrons that can deliver up to 2 kW of microwave power.
To optimize the energy input into the plasma, two more components are added along the wave-
guide transmission lines. The microwave transmission from the magnetron to the CYRAN-
NUS® device can be described by an equivalent electronic circuit model. Thus, the concept of
impedance matching can be employed to maximize the transferred power into the circuits load,
the plasma. Three-stub or EH-tuners are used to optimize and deploy most of the energy into
the plasma by influencing the coupling to the slots of the ring resonator. Microwave radiation
which does not travel through the slots into the inner cylindrical resonator is reflected back in
the direction of the magnetron. For measuring the reflected microwave power, i.e., the power
that is not deposited in the plasma, circulators are installed. The circulators prevent back re-
flection of microwave radiation into the magnetron, which might otherwise cause damage. In-
stead, the radiation is guided towards a water load that absorbs it. The circulator also contains
a diode which generates a voltage signal proportional to the reflected microwave power. Mon-
itoring the diode voltage signal then allows to optimize the energy input into the plasma when
altering the three-stub or EH-tuner positions. The components for generation and transfer of
the microwave radiation are shown exemplarily for Reactor B in Figure 3-2 and summarized
for both reactors in Table 3-1. The components vary for both reactors but should not affect the
plasma properties when similar conditions are used. Circulator, magnetron, and most parts in
the vicinity of the plasma are air or water cooled.
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Figure 3-2: Components used to generate and transfer microwave radiation into the resonator to ignite
and sustain the plasma.

Table 3-1: Components of both the employed microwave plasma reactors used to generate
and transmit the microwave radiation into the respective iplas resonators.

Setup Magnetron head Circulator Impedance matching
Reactor A Muegge Muegge iplas EH Tuner:
MH2000S-213BA MW1003A-210EC T202-0310/003

Reactor B Fricke&Mallah: Fricke&Mallah: Muegge 3-stub tuner:
FMG 1x2.0 kW, 2.45 GHz 2722 162 12431 MW201A-260EF

The working gases are introduced through a set of two nozzles. A central nozzle introduces
the reactants (hydrocarbons and eventually oxygen carriers) diluted in argon, while a second
nozzle generates a tangential sheath-gas stream [170, 174]. The sheath-gas volume flow is
set to 30 slm of Ar (5.0) and 1 slm of H2 (5.0) if not mentioned otherwise, while the gas flow
through the central nozzle is varied as described in each chapter. Both nozzles are visualized
in the cross-sectional drawing in Figure 3-3.
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Figure 3-3: Cross-sectional drawing of the plasma reactor. The image shows the two different gas inlets
and the region of plasma generation.

The reactant gas mixture supplied through the central gas nozzle can be generated by a com-
bination of evaporating a single liquid reactant source or by mixing different reactant gases.
Both options are schematically shown in Figure 3-4.
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Figure 3-4: Schematics of the different options for the reactant supply to the reactor. For the supplied
gaseous reactants, C2H4 is shown as example, for an evaporated reactant, ethanol is shown.

For the liquid reactant, a stainless-steel vessel is filled with the respective liquid. An argon gas
cushion is applied on the vessel that pushes the liquid out and transports it through a Liqui-

28



Flow™ (L1-FAC-22-0, Bronkhorst®) to the mixing valve of a controlled evaporation and mixing
system (CEM, W-209-333-P, Bronkhorst®). The valve actuation is controlled by the flow that is
measured in the Liqui-Flow™. The liquid is then dispersed together with the added gases and
evaporated in a heated chamber (180 °C). For the supply of different gaseous reactants,
mass-flow controllers (MFCs, Bronkhorst®) are employed. The gases are premixed and then
sent either directly into the central nozzle or through the CEM. Because the gaseous reactants
are usually a mixture containing a large volume flow of Ar (~5 sIm) and a small volume flow of
hydrocarbon and eventually, an oxygen carrier (~0.285 slm in total), homogenization is re-
quired. Otherwise, pulsating flows are observed. When sending the gas mixture through the
CEM, homogenization is automatically achieved.

The gaseous components are heated and decomposed in the hot plasma. Solid carbon parti-
cles and gaseous byproducts then form during cooling in the downstream region. To harvest
carbon particles, an industry-grade fiber-fabric filter is installed at the reactor exit. Because
carbon particles are deposited on the filter, a pressure drop is caused by the filter that increases
with reaction time. Therefore, without further control, the reactor pressure continuously in-
creases due to the fixed gas flows. In order to prevent such a pressure increase, prior to the
synthesis of particles, a secondary N2 gas flow as fed into the reactor between the filter and a
bellow-sealed angle valve that leads to the vacuum pump and acts as an additional gas ballast.
The MFC of this secondary nitrogen flow is controlled by an PID controller connected to the
measure pressure, i.e., the flowrate is automatically reduced when a pressure increase due to
filter clocking/particle deposition is detected. For most experiments a pressure of 1000 mbar
abs. is used. Only the experiments described in Section 4 are performed at 700 mbar.

As mentioned in the second paragraph, the plasma in the reactor system as described here is
only ignited at reduced pressure. A procedure to initiate the experiments is repeated every
time. Each experiment starts by evacuating the reactor to ~20 mbar, followed by plasma igni-
tion in a pure argon flow with a magnetron output power of 600 W with the sheath gas running.
Hydrogen is then added to the system and the pressure and microwave power are stepwise
increased and stabilized at 1000 mbar and 1400 W, respectively. Once stable plasma opera-
tion is established at 1000 mbar, various reactants are introduced depending on the exact ex-
perimental conditions.

3.1 Experimental setup for infrared absorption measurements

Infrared absorption measurements are performed to measure and monitor the formation of
pyrolysis product gases generated in the plasma reactor during the synthesis of solid carbon
particles and to estimate gas-phase temperatures in the plasma effluent. To perform in situ
line-of-sight infrared absorption measurements, flushed cells are constructed to guide an IR
beam through a straight tube located in the reactor off-gas. The cells are equipped with KBr
windows (diameter: 25 mm, thickness: 5 mm, Korth Kristalle GmbH) and mounted before the
particle collection filter. To achieve a high sensitivity when monitoring the formation of pyrolysis
products, the length of the absorption path was selected as ~0.6 m. Figure 3-5 shows the
schematics and a photo of this arrangement.
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Figure 3-5: Schematics [175] and photo of the arrangement for IR absorption measurements in the
reactor off-gas.

The IR beam is coupled out of a Brucker Vertex 80 FTIR spectrometer through the side window.
Then the beam is deflected and guided by gold-coated mirrors to the optical cells and through
the straight tube in the effluent. After exiting, the beam is directed onto an external liquid-nitro-
gen cooled mercury cadmium telluride (MCT) detector belonging to the FTIR spectrometer. To
decrease the influence of varying CO2 and H>O concentrations in the lab air on the measure-
ments, part of the IR-beam path is housed (not shown) and continuously flushed with dry Na.

As for the measurement procedure, several different spectra are recorded. The resolution of
the spectra is varied depending on the exact purpose of the measurements. Measurements of
the rotational fine structure of, e.g., CO for temperature measurements are carried out with a
spectral resolution of 0.1 cm™". For the other measurements and if not mentioned otherwise,
the resolution is set to 0.5 cm™. Usually, transmission spectra of the (N.-flushed) laboratory air
and the pristine/undoped (Ar + Hy) plasma are used as reference. Then, the reactants are
added and the absorption was measured. The absorbance or transmittance is afterwards cal-
culated via post processing of the transmission spectra. Examples for transmission spectra for
ethanol as reactant with and without plasma (with and without ethanol decomposition) are
shown in the appendix in Section 9.2.
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3.2 Experimental setup for optical emission spectrometry

OES is performed to measure excited intermediate species in or near the plasma and to extract
estimated values for the gas temperature in the reaction zone. To perform OES measurements,
a spectrometer system was assembled consisting of the components displayed in Figure 3-6.
The light originating from an arbitrary source (e.g., the plasma) connected by a fiber to a SMA
fiber connector is guided into the spectrometer system by two planoconvex silica lenses
(fi = 50 mm, , = 150 mm, diameter: 2.54 cm) that focus the light onto the entrance slit of a
SPEX 1704 Czerny-Turner monochromator (1 m pathlength). Inside the monochromator, the
light is reflected onto a blazed grating with 1200 lines/mm and a blaze wavelength of 400 nm.
The diffracted light then travels through the outlet slit and is collected by a Hamamatsu R995
photomultiplier tube (PMT, 160—900 nm spectral response). The PMT signal is transformed by
an A/D-converter (National instruments USB 6001) and read out by a LabVIEW program. Be-
cause the monochromator control is analog, only the time-resolved voltage signal is measured.
Thus, time needs to be converted to wavelength in post-processing of the recorded data, which
can introduce some errors. The spectrometer is scanned by rotating the grating resulting in a
wavelength tuning of e.g., ~0.05 nm/s (40 nm in 800 s) and constant rotation rates are as-
sumed.

Figure 3-6: Spectrometer system for optical emission measurements indicating the major components.

The light originating from the plasma reactor is collected by an open ended SMA connector
from a multimode optical fiber with 0.6 mm diameter in the region where part of the microwave
shield in the downstream region is installed. The installation is sketched in Figure 3-7. The
spectrometer system including the fiber is calibrated with light from a Hg/Ar lamp (LOT Quan-
tumDesign). The spectral resolution of the OES system is measured to be about 0.03 nm
(full-width-half-maximum; FWHM) when a slit width of 40 ym is used. The instrument function
of the spectrometer system (i.e., the wavelength-dependent detection efficiency) is measured
and corrected by using a calibrated spectrum of a laser-driven light source (Energetiq LDLS
EQ-99X) as reference. The comparison between the measured and know spectrum together
with the instrument function correction is shown in the Appendix, Figure 9-6.
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Spectrometer system

Figure 3-7: Sketch depicting how the optical fiber is installed to capture the emitted light of the plasma
in a), and b), view of the plasma from the side from which the fiber collects the radiated emission.

For the measurements, the Ha Balmer line is selected to properly align the fiber with the
plasma reactor microwave shield by adjusting it for the maximum intensity. Taking on a first
assumption geometrical considerations into account (numerical aperture: 0.22, fiber core di-
ameter: 0.6 mm, distance of ~5 cm to the hole), this reflects a field of view of the fiber, which
represents approximately one hole in the microwave shield.

3.3 Equipment for thermophoretic sampling

The general reactor assembly used for thermophoretic sampling is shown in Figure 3-8. It
consists of (i), the microwave reactor to synthesize the carbon nanomaterials, (ii), the thermo-
phoretic sampling system, and (iii), the fiber filter which is always installed to harvest the syn-
thesized materials in the effluent. The piston driving the thermophoretic sampling system is
separated from the main reactor by a ball valve and a purging system. The purging system is
adjustable in height by 10 cm and enables — in combination with the ball valve — to safely re-
peat the sampling multiple times without the need to stop the synthesis process. Additionally,
it also ensures that the reactor is not exposed to air. To collect the samples, a pneumatic cyl-
inder operated with inert gas (either Ar or N») is actuated. At the front on the thread of the
cylinder, the actual spring-loaded sampling unit is installed (Figure 3-9).

(ii) Thermophoretic
sampling device

(i) Microwave plasma
reactor for nanocarbon
synthesis

Figure 3-8: Sketch depicting the reactor assembly used for experiments in which thermo-
phoretic sampling of material along the reactor axis is performed [168].
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Sheath

Figure 3-9: Spring-loaded sampling unit for thermophoretic sampling installed on the thread at the front
of the piston.

The sampling unit was developed by Frederik Kunze (IUTA) and has been utilized in the past
for similar tasks [174, 176]. It consists of a tube with a slit-shaped sheath at the front (left). The
sheath shields the inner parts and prevents undesired premature particle collection. The inner
part consists of two metal plates which are welded together. At the front of the metal plates is
a small hole which fits a TEM grid. The grid is pushed into the hole from the side through both
metal plates. To prevent the movement of the TEM grid along the metal plates, a welding spot
is placed next to it a as physical barrier as it connects both plates. After the rod at the end of
the pneumatic piston is accelerated, it will hit the inner end of the pneumatic piston. When
hitting the end, the inertia of the rod will drive out the sampling unit out of the sheath and
material will be collected. To alter the acceleration of the TEM grid part, multiple weights can
be added into the hollow tube. A spring is installed to pull the metal plates back into the sheath
and the hollow tube. By varying gas pressure (piston acceleration), used weights, and spring
constant, the TEM grid exposure time can be changed between 5-30 ms [177].

To verify the time which the TEM grids are exposed during the pneumatic actuation cycle,
high-speed camera measurements are performed. Based on these measurements, thermo-
phoretic sampling was set to expose the TEM grid for approximately 10—15 ms to the aerosol.
Depending on the aerosol concentration, the actuation has to be performed multiple times
(~20) to sample sufficient amounts of material. To enable thermophoretic sampling at different
axial HAN sampling positions, the geometry of the purge system and/or the length of the pneu-
matically operated piston are optionally varied.
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4 Structure evolution of graphene flakes during synthe-
sis

41 Introduction

A recurring question when analyzing FLG flakes generated in the plasma reactors is how their
shape and morphology is formed as the flakes typically show strongly folded or crumpled struc-
tures. Based on the considerations of carbon growth (Section 2.2), it would be expected that
the first carbon nuclei are just PAH molecules that later grow into larger two-dimensional flat
sheets. Hence, any kind of induced curvature after the first inception of solid carbon should
result in further bending and out-of-plane attachment of other growing carbon nuclei, ultimately
forming three-dimensional structures. On the other hand, nucleation of PAH molecules and
processes that lead to morphological changes are considered crucial for the creation of
soot-like particles; in this case, the growing PAHs start to randomly agglomerate and attach to
each other. So, the transformation from a potential monolayer flat sheet to crumpled stacked
layers as they are obtained from the downstream installed filter is unclear. It is generally ac-
cepted that large monolayer graphene flakes can become unstable and form wrinkles, ripples,
and other kinds of mechanical deformations [178-180]. However, it is yet to be studied how the
formation of mechanical deformations influences the structure of the obtained flakes in similar
gas-phase processes i.e., whether folding and crumpling are pivotal for the resulting (multi-lay-
ered) structure.

To investigate the morphology evolution of carbon particles (mainly FLG), thermophoretic sam-
pling along the centerline of reactor B (Table 3-1) together with Claudia Lopez-Camara was
performed. To further support the results and to probe the structural evolution, spatially re-
solved optical diagnostic measurements by time-resolved laser induced incandescence
(TiRe-LII) were performed by Muhammad Asif and Stanislav Musikhin. TiRe-LIl is a commonly
employed laser-based in situ diagnostic technique to characterize different aerosol particles
about, e.g., their particle size and is especially common for carbon particles [181]. Unlike the
experiments which are presented in Sections 5 and 6, the experiments with the thermophoretic
sampling along the reactor axis are performed at 700 mbar since these conditions lead to a
more stable particle torch, which is more favorable for the TiRe-LIl measurements. For the
same reason, the overall experimental conditions (Table 4-1) are slightly different than the
parameters described in Section 3.

Table 4-1: Experimental parameters used on the study of the FLG morphology evolution.

Precursor Ethanol
Hz/slm 0.88
Swirl Ar / sIm 39.42
Nozzle Ar / slm 4.95
Flush N2 / slm 16.47
Reactor pressure / mbar 700
Precursor / sIm 0.16
Microwave plasma power / W 1600
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Figure 4-1 displays an image of the particle torch and the positions probed with the employed
methods (both thermophoretic TEM sampling and TiRe-LIl). The visible particle torch is a result
of black body radiation from the generated hot carbon particles, as without reactant addition
no particle torch is observable. Samples are taken at several spatial positions between
HAN = 24.4 and 12.4 cm. Because of geometrical limitations, the lowest measurement point
for the TiRe-LIl measurements is at HAN = 17 cm. The points at which the different measure-
ments are performed are marked with a color-coded cross, indicating whether both methods
(purple) or only TiRe-LIl measurements or thermophoretic sampling (red or blue, respectively)
are employed.

In the following, two aspects are the main points of interest. At first, the structure of the earliest
nuclei or clusters is investigated. The goal is to proof or refute the presence of monolayer
graphene sheets that are expected to form initially from PAH molecules. Afterwards, the growth
and structural evolution of these nuclei along the reactor centerline is analyzed and discussed.

Products

Afterglow with
hot particle torch

24.4cm -TEM + TiRe-LII

19.4 cm - TEM + TiRe-LII
17 cm — TiRe-LII

14.4cm -TEM

12.4cm -TEM

Plasma

Nozzle position (0 cm)

Reactants

Figure 4-1: Sketch depicting the spatial positions probed for studying the morphology evolution of the
generated FLG materials and a photographic image of the generated particle torch.

4.2  Structural properties of the first formed FLG materials

Figure 4-2 displays TEM images of FLG obtained at different spatial positions showcasing the
structural transformation of FLG flakes in the reactor. Figure 4-2a displays FLG sampled at
HAN = 12.4 cm in a qualitative comparison to Figure 4-2b which shows FLG harvested from
the filter installed downstream (Figure 3-8 for details).
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Figure 4-2: TEM images obtained from materials a) collected via thermophoretic sampling at HAN =
12.4 cm and b) at the downstream fiber filter.

When looking at the FLG material obtained at the filter, it is evident that it contains folded and
partly agglomerated flakes. On the contrary, the materials sampled at HAN = 12.4 cm show
mostly flat and weak crumpled/folded flakes. In many cases, the observed flakes are larger
than 100 nm in one lateral dimension, and either round or showing shapes produced by folding
or rolling round sheets. The presence of flakes at HAN = 12.4 cm indicates that the formation
of solid carbon materials starts at a lower HAN, in regions which are only accessible by OES
in the current experimental setup. Furthermore, the flatness of the flakes suggests that the
morphology of the first grown/born FLG sheets is indeed close to ideal two-dimensionally grow-
ing PAH molecules, as discussed in Section 2.2. Many of the observed flakes show structures
which can be generated by a low number of folds indicating that self-folding is important for
the formation of the typically observed multi-layered structure. Nonetheless, the observations
are qualitative and the FLG flakes show varying degrees of folding and crumpling. Most are
large in size and weakly folded or crumpled but show in some cases also <100 nm round flakes
and strongly crumpled flakes.

To further confirm the expectation that the first formed carbon flakes are related to large PAHs,
the number of stacked layers needs to be determined. That is because perfect graphene mon-
olayers are likely to be formed by growing PAH molecules. Figure 4-3a shows an example of
a large collected round carbon flake. As seen, the deposited flake is mostly supported by the
underlying carbon film and it shows some folding at the freestanding section (region indicated
by the blue circle). Focusing on the fold in the unsupported region, Figure 4-3b confirms the
low number of stacked layers as no stacked layers can be observed at the edge of the flake.
Using the Fast-Fourier-Transform on Figure 4-3b, it generates Figure 4-3c, showing twelve
separate points for a lattice spacing of 0.21 nm (1 0 0). Six points would be expected for a
perfect monolayer, i.e., twelve points indicate the presence of a graphene bilayer in the folded
region of Figure 4-3b [182, 183]. This indirectly confirms that the unfolded pristine flake con-
sists of a graphene monolayer and links it to the theory of solid carbon growth via growing
(two-dimensional) PAH clusters.
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Figure 4-3: Images characterizing a sampled FLG flake [184]. a) overview of the flake showcasing wrin-
kles and a single fold (blue circle) in the unsupported area; b) rotated zoomed-in of the folded region. c)
Fast-Fourier Transformation (FFT) image generated from (b).

Figure 4-4 shows an example containing both more- and less-crumpled flakes in close vicinity
to each other. Carbon flakes sampled on TEM grids with a continuous carbon film instead of
lacey or holey carbon films also shows similar structures (both weakly folded and on occasions
more strongly crumpled). Thus, the type of grid is not expected to influence the degree of
crumpling or folding leading to measurement artifacts. The observed weakly folded flake indi-
cates that the structure formation should continue further downstream. One indication may
come from the typically observed BET SSAs from filter obtained materials in this work which
are in the range of 300—400 m?/g, i.e., much lower than what would be expected for a bilayer
flake (~1337 m?/g). The estimated temperature at the sample position should be sufficiently
high (~2600 K) with abundant concentration of reactants (such as C2H) for further growth to
take place. Following the conceptual model in which FLG only consists of a perfect PAH mono-
-layer and adsorption on its surface is not considered to contribute to growth, only the flake
edges are reactive sites that allow further growth. Hence this can occur even when flakes are
highly crumpled and/or stacked. At the same time further folding and crumpling can also occur.
The FLG structure evolution along the reactor axis will be revisited in Section 4.3.
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Figure 4-4: TEM image from particles sampled via thermophoresis from the hot plasma off-gas show-
casing the difference in carbon flake structures (HAN = 12.4 cm).

The TEM observation provides experimental proof that prior to crumpling and agglomerating,
a certain fraction of the graphene flakes can be considered to be flat monolayer graphene. The
TEM observations also show that folding of these sheets is an important process in the overall
structure formation. Because this is only based on qualitative information, it is unclear how
representative the observation of monolayer graphene is for all sampled carbon materials and
what fraction of the produced carbon material tends to agglomerate or crumple earlier in the
growth process. Yet, the transformation of PAH molecules towards monolayer graphene is ev-
ident.

4.3  Structural evolution of FLG along the reactor

Following the discussion of FLG flakes formed in the early stages of the reactors, the transfor-
mation of these towards the morphologies observed from the filter collected materials is neb-
ulous. One possible criterion to characterize the different observed carbon particle morpholo-
gies is their dimension or size, as folding of single flakes or the agglomeration of multiple
sheets may lead to more compact structures. Thus, the structure evolution is examined by
determining the particle size distributions for the carbon flakes observed from TEM images and
TiRe-LII measurements.

For the TEM images analysis, the maximum Feret diameter of single flakes was determined.
The Feret diameter, also called caliper diameter, represents the dimension of an arbitrar-
ily-shaped particle between two parallel planes as could be measured with a caliper. The max-
imum Feret diameter, is the largest diameter that can be measured this way for a given particle.
To perform such analysis on the sampled carbon flakes, ellipsoids are drawn around the sheets
in the TEM images to determine their major axis diameter. After obtaining the corresponding
Feret diameter, size distributions are constructed to compare the carbon particles sampled at
different HAN positions. A comparison between the different spatial positions for thermo-
phoretic sampling shows that the collected FLG sheets become smaller along the reactor axis
in downstream direction. Figure 4-5 shows the measured distributions of Feret diameters in-
cluding a fit with a lognormal distribution and the cumulative fraction.
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Figure 4-5: Feret diameter distributions from thermophoretically sampled carbon particles at different
HAN a)—d) [168]. For each distribution 150 flakes are counted.

As shown, the sheets have a wide distribution of Feret diameters, ranging from 50 to
> 1000 nm at HAN = 12.4 cm. When describing the distribution with a lognormal function, the
count median diameter (CMD) is 375 nm. The distribution is wide, with a geometric standard
deviation oy = 2. Comparing these values to the ones obtained for carbon flakes harvested
further downstream, it is revealed that both the CMD and the geometric standard deviation
decrease (as for HAN = 24.4 cm, the CMD is 231 nm with oy = 1.6). Although the median Feret
diameter obtained by the cumulative plot slightly deviates from the CMD which is extracted by
the lognormal fit, it shows a similar general trend. Thus, based on the TEM image analysis, the
average sheet dimension becomes smaller as the FLG flake moves further from the plasma
zone, which is a qualitative indicator for having more crumpled and compact structures further
from the plasma region despite the potential for further growth of the carbon flakes between
HAN = 12.4 cm and HAN = 24.4 cm. A qualitative comparison for the increasingly crumpled
nature of the FLG particles is shown in Figure 4-6.
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Figure 4-6: Qualitative comparison of exemplary TEM images of samples collected at different HAN
distances. a) = 12.4 cm, b) =14.4 cm, c) = 19.4 cm, and d) = 24.4 cm.

The observation that FLG particles become more compact while passing the reactor is com-
pared to spatially resolved TiRe-LIl measurements and displayed in Figure 4-7. The measure-
ments are performed and analyzed by Muhammad Asif, Stanislav Musikhin. In general, TiRe-
LIl uses a laser beam to thermally excite aerosol particles in the gas-phase and subsequently
detects the emitted light (blackbody radiation) of the hot aerosol particles. After an initial phase
in which high peak temperatures might lead to the evaporation of parts of the solid or liquid
particles, the energy balance and heat loss of the particles is mostly determined by the con-
ductive heat transfer with the surrounding gas. This heat transfer is determined and limited by
the ‘active’ surface area accessible. Therefore, in the context of crumpling and folding carbon
sheets, the accessible surface directly relates to the crumpledness/wrinkledness of the flakes.
This method has been applied to the produced carbon aerosols at three different HAN posi-
tions, as defined in Figure 4-1. Details on the measurement procedure and the employed mod-
els can be found in the joint publication [168].

40



=~
‘€ 1200 —/—m——F—+——+ 390
= - £
© c
® 1000 360 =~
S 2
) Q
i 330
g 800 - E
S ©
7 | 300
$ 600 S
5 g
D 400 [270 L
& 3
— H + e}
= 200]| ® TiRe-LII SSA 240 3
I B TEM Feret CMD =
& e 210
= 12 14 16 18 20 22 24 26

Heigth above nozzle / cm

Figure 4-7: Comparison of TiRe-Lll-determined specific surface areas and the median Feret diameters
from the thermophoretically sampled materials [168].

Comparing the obtained equivalent specific surface are values from TiRe-LII, a trend similar to
the TEM observations is obtained. At HAN = 17 cm, the equivalent SSA obtained by TiRe-LlII
is ~800 m?/g, which drops to ~350 m?/g at HAN = 24.4 cm. The first value of ~800 m?/g sug-
gest the average presence of 3—4 stacked layers, which can be created by folding a monolayer
graphene sheet twice. The latter value agrees with the obtained BET value of 337 m?/g; how-
ever, the error bars are large (150 m?/g) and limited by the data quality. Still, the reduction of
apparent specific surface area confirms the TEM observations of smaller and because of crum-
pling/folding denser structures being formed along the reactor axis in the effluent.

44  Summary

Summarizing the results of this section, the TEM results obtained through thermophoretic sam-
pling close to the plasma at the lowest HAN distance possible show that the first formed gra-
phene sheets are weakly folded and crumpled. Analyzing their thickness indirectly via FFT
reveals that the flakes can be monolayer graphene. The formation of monolayer graphene can
be linked to the fundamentals of carbon growth by PAH molecules, it in general would be ex-
pected for such FLG materials, but has not been observed before. Evaluating the morphology
transformation further downstream at larger HAN distances shows that the graphene sheets
become more compact as they fold, crumple or agglomerate into denser structures. Addition-
ally, the formation of denser structures is successfully probed via TiRe-LIl measurements which
shows a reduction in effective surface are for heat conduction. Thus, it has been possible to
for the first time probe the structure evolution of graphene in a gas-phase synthesis process
starting from single monolayer sheets.
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5 Impact of water on carbon particle growth

51 Introduction

As briefly mentioned while discussing different studies of the growth of graphene in Section
2.2.1, previous phenomenological comparisons of carbon nanoparticle formation from multiple
reactants showed that the C/O ratio is an important factor, which has been correlated with the
type of carbon particles generated [36, 37, 80]. In these studies, ethanol (CoHsOH) is shown
to be a suitable reactant for the synthesis of FLG while reactants with larger C/O ratios start to
form other allotropes such as soot-like particles as well. It is important to stress that the com-
parison is done with the same supply of carbon atoms as the pure reactant concentration also
affects the formed carbon nanoparticles. Increasing the ethanol concentration can also lead to
the formation of carbon particles other than FLG [23, 83].

A question which arises from these results is how the produced carbon allotropes are linked to
the employed reactants and the specific number of carbon, oxygen, and hydrogen atoms, as
the plasma would be suspected to fully break down the reactants. Hence, experiments includ-
ing a model system of ethylene (C2H4, = 99.9 %) and water (H20, milli Q, 18.2 MQ) are per-
formed (partly reported by Miinzer [35]) to mimic the elemental composition of ethanol. It could
be shown in the experiments reported by Minzer that the increasing addition of water (de-
creasing C/O ratio) can guide the synthesis to preferentially generate FLG, while without water
addition only mixtures of nanoscale carbon allotropes — soot-like particles, graphitic particles,
and FLG — are generated from C,H4. Compared to experiments with pure C2HsOH, more water
has to be added in case of ethylene/water to generate the same carbon allotrope, and the
carbon yield decreases consistently with the addition of more water, but it partly shows that
reactants resulting in arbitrary C/O ratios can be mixed to obtain similar results to singular
reactants.

Table 5-1: Experimental cases investigated for the effect of water addition on the synthesis of nanoscale
carbon allotropes.

Case Reactant Flow rate Ar flow H20g / C/O Experimantal
/slm rate / slm slm ratio observations
1 Ethanol 0.19 5 0 2:1 FLG
5 Ethylene 0.19 5 0 oo (less) FLG/ (more) soot
’ mix
3 Ethylene  0.095 5.095 0 oo (more) FLG/ (less) soot
mix
4 Ethylene 0.38 4.62 0 0o soot mix
5 Ethylene  0.19 4.905 0.095 41 (less) FLGr; i(;”ore) soot
6 Ethylene  0.19 4.81 0.19 2:1 (more) FLG / (less) soot
mix
7 Ethylene 0.19 4.715 0.285 1.33:1 FLG
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However, a detailed explanation for this observation is missing. Therefore, the experiments of
Mdunzer are revisited here with the use of different in situ measurement techniques (OES and
FTIR) to investigate the underlying processes in more detail by determining temperatures in
the plasmal/effluent, identifying light emitting species in the plasma, and semiquantitative com-
parison of the effluent gas composition. The focus is thereby on how oxygen affects the carbon
growth in order to rationalize the previous and here newly generated results. For additional
data analysis, chemical kinetic simulations and equilibrium calculations are performed. The in
the following discussed experiments are summarized in Table 5-1, including the general ex-
perimental observation. The experiments contain pure C;HsOH as a reference material
(Case 1) and CzH4 (Case 2) for comparison synthesized with the same flowrate. Other exper-
iments are variations for the C,H4 flowrate and thus carbon concentration, and the addition of
water to CoH4 to adjust the corresponding C/O ratio.

5.2 Results of ex situ materials analysis

At first, experiments with either pure C;HsOH (Case 1) or C:Hs (Case 2) are performed
(190 sccm flowrate) and the respective obtained materials are analyzed. A comparison of the
Raman spectra and TGA results is shown in Figure 5-1. In Raman measurements it was found
that both samples contain the specific carbon bands of D (~1340 cm™), G (~1580 cm™"), and
2D (~2685 cm™), in addition to some specific overtones (D+D" and D+D'). However, their rel-
ative intensities do vary. Similarly, the TGA results show characteristic features that vary be-
tween the samples.
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Figure 5-1: Raman spectra (a) [175], TGA/DTG data (b), and TGA QMS data (c) obtained from samples
prepared by Case 1 and Case 2. The arrows in b) indicate the onset of oxidation of different carbon
allotropes.

Figure 5-1a displays the results of the Raman measurements. Comparing the band intensities
of the ethanol-made sample, the 2D band possesses a larger intensity than the G band and
the D band. Its FWHM is ~55 cm~'. The combination of FWHM and the relative intensity implies
that the sample does not follow the conventional Bernal stacking order that is commonly found
in graphite, but that it possesses some rotational disorder originating from turbostratic stacking.
Such a combination is not possible based on the evolution of the electronic bands in Ber-
nal-stacked graphene [101]. Furthermore, the reported specific weak overtone bands in the
range of 1700-2150 cm™, which would allow to distinguish between different types of gra-
phene-like materials (stacking order and layer number) [110-112], are not observed consist-
ently. The presence of turbostratic stacking between the graphene layers may be explained by
the structure formation studied in Section 4 as the self-folding, crumpling, and agglomeration
of flakes is most likely random. The D band intensity can theoretically be compared to the G
band to infer information about defect densities and crystallite sizes, but is not applied here
because the flakes are too small relative to the laser beam, meaning that always a larger num-
ber of surface defects are detected which influence the results substantially (see section
2.3.1.1). Comparing the ethanol-made sample now to the one prepared with ethylene, the 2D
band is less pronounced. The lower relative intensity of the 2D band in the ethylene-made
sample can be a sign for the presence of soot-like, graphitic particles, or a combination of both,
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as such materials usually show weak 2D bands. It can also be observed that the D band has
a larger relative intensity and shows a weak shoulder at lower Raman shifts (~1250 cm™).
Such a shoulder is usually assigned to the presence of amorphous carbons [119].

The TG and DTG plots in Figure 5-1b for the ethylene-made sample show multiple peaks that
can be assigned to different carbon allotropes. The structure of the multiple peaks is also evi-
dent when looking at the simultaneously measured QMS data in Figure 5-1c for m/z = 44 (COy)
and 12 (C). For better visibility only two signals are shown while the complete QMS data is
shown in Figure 9-13. As explained in the comparative study in the Appendix, Section 9.1, the
peaks in the DTG and the measured QMS signal can be assigned to different carbon allo-
tropes. The low temperature peak at ~630 °C can be assigned to the presence of soot-like
particles, while the large peak at ~730 °C matches with the temperature required for the oxi-
dation of FLG. Additionally, a small shoulder at ~770 °C can be seen which might originate
from the presence of graphitic particles, because graphitic structures (graphite compared to
graphene) are known to be more resistant to oxidation. The ethanol-made sample only consist
of the peak which can be assigned to FLG and does not show any further peaks in the DTG or
QMS plot.

Graphitic
particles

N

Figure 5-2: TEM measurements taken from samples prepared by Case 1 and Case 2.

TEM images are taken to further confirm the TGA and Raman observations. Figure 5-2 dis-
plays TEM images for the comparison of Case 1 and 2. When comparing the two cases, it is
evident that the sample prepared with ethanol as reactant is consisting of FLG, while C2H4
generates a mix of several different carbon allotropes. These mixed allotropes include small
(~30 nm) soot-like particles, large (>80 nm) graphitic particles, and FLG sheets. Hence, con-
firming the assignment that Case 1 forms FLG while Case 2 generates a mixture of different
carbon allotropes.

For investigating how the type of the generated carbon particles changes in dependance of
the C/O ratio of the supplied reactant mixture, different amounts of water are premixed with
CoH4 (Case 5: 95 sccm, C/O ratio :4:1; Case 6: 190 sccm, C/O ratio: 2:1; Case 7: 285 sccm,
C/O ratio: 1.33:1). When comparing the yield of carbon particles harvested from the filter, a
gradual decrease to ~1.5 wt.% (Case 7, 0.15 g/h) from ~6.5 wt.% (Case 2, 0.8 g/h) is observed
when the amount of added water increases. Case 1 using ethanol as a reactant generates a
yield of~1.8 wt.% (0.24 g/h). The comparative Raman spectra and DTG/QMS plots shown in
Figure 5-3 reveal changes in the formed carbon particles.
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Figure 5-3: Raman spectra (a), DTG data (b), and TG/QMS data (c) obtained from samples prepared

by Case 2 and Cases 5-7.

The Raman spectra in Figure 5-3a reveal an increase of the relative intensity of the 2D band
while the shoulder of the D band at ~1250 cm~" vanishes for Cases 5-7. Such a transformation
can be a sign of a larger FLG content in the respective samples. The DTG and TG/QMS plots
in Figure 5-3b and c show that the peaks assigned to soot-like or graphitic particles vanish,
while only the one assigned to FLG remains. More evidence for the transformation can be
observed when looking at comparative TEM images as shown in Figure 5-4.
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Figure 5-4: TEM images obtained from samples prepared with Cases 5—7 (C/O ratios 4:1-1.33:1) [175].
The blue arrows indicate soot-like particles.

Case 5 (C/O ratio of 4:1) shows the presence of a large number of soot-like particles. When
the amount of water is increased while keeping the mass flow of ethylene constant (Case 6,
C/O ratio of 2:1), the number of soot-like particles further decreases. For Case 7 (C/O ratio of
1.33:1), only FLG flakes can be found by TEM. Comparing the BET SSA values, it can be
observed that an increase in (input) C/O ratio also increases the SSA value (Figure 5-5).
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Figure 5-5: BET SSA values comparing material from Case 2 with the Cases 5-7 [175]. As a reference,
the result for Case 1 is plotted as dashed line.

The SSA increases for Case 5 (4:1) to 227 m?/g, for Case 6 (2:1) to 282 m?/g, and for Case 7
(1.33:1) to 407 m?/g. The latter value for Case 7 does exceed the values measured for Case 1
(C2HsOH). Taking into account that the generated soot-like particles are usually in the size
range of ~20 to 30 nm and have (compared to FLG) a lower SSA, an increase in SSA might
indicate the removal or absence of the low-SSA component and imply purer FLG samples,
thus, reinforcing the impression by the TEM, TGA, and Raman results.

To further investigate which formation processes might influence the carbon structure, the CoH4
concentration was varied by either increasing (380 sccm, Case 4) or decreasing (95 sccm,
Case 3) the flow rate by a factor of two and thus the ethylene concentration compared to the
base flow rate of Case 2 (190 sccm). The results are again compared by TEM, Raman and
TGA in Figure 5-6. Looking at the yield of harvested particles from the filter, the yield slightly
decreases for Case 3 to ~6 wt.% (0.35 g/h) while for Case 4 it becomes ~13 wt.% (2.4 g/h)
compared to ~6.5 wt.% (0.8 g/h) for Case 2. A comparison of the Raman spectra in Figure 5-6a
reveals that in comparison to Case 2, the relative intensity of the 2D band for Case 3 increases,
while its intensity for Case 4 decreases. Data by TGA (Figure 5-6b and c) shows similar trends
by either an increase or decrease of the carbon fraction oxidized at low temperatures (~630 °C)
and high temperatures (~730 °C). Both results by Raman and TGA lead to the interpretation
that the relative fraction of FLG is correlated to the concentration of CoH4 supplied into the
reactor.
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Figure 5-6: Raman spectra [175] and DTG/QMS plots for Cases 2—4 with different C2H4 concentrations
indicated in the brackets.

Figure 5-7 displays comparative TEM images. Comparing the TEM images for Cases 2—4,
Case 3 shows the smallest number of soot-like particles present and mostly consists of FLG.
Contrary, Case 4 mostly consists of soot-like or graphitic particles, confirming the trend ob-
served by TGA and Raman. Additionally, the obtained SSA values do either increase or de-
crease relative to Case 2. For Case 3 it increases to 311 m?/g, while for Case 4 a decrease to
158 m?/g is observed. Using the same argument as in the comparison for Case 5-7, the SSA
change can be an indicator for less or more abundant FLG in the particle mixtures.
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Figure 5-7: TEM images taken from samples prepared from Cases 2—4.

Summarizing the obtained information by ex situ analysis techniques for the different carbon
particle mixtures synthesized for Cases 1-7, different dependencies of the input flowrates of
water, C2H4, and the used reactant are found. When comparing two different reactant which
are supplied with the same flowrate but possess different C/O ratios (Case 1 and 2), lower C/O
ratios lead to lower yields and a different carbon allotrope mixture. Case 1 generates pure FLG
while Case 2 forms a mixture of three carbon particles types. When decoupling the input C/O
ratio from the used single reactants by employing reactant mixtures of CoHs and H.O (Cases
5-7), a trend is observed. Lowering the C/O ratio by adding more H>O, reduces the yield but
leads to purer FLG samples. However, more water needs to be added to obtain a pure FLG
sample. Lastly, instead of adding water and influencing the C/O ratio, modifying the CzHa4 re-
actant flowrate also alters the carbon particle mixture and its yield (Cases 2—-4). Lower
flowrates favor the formation of FLG-rich mixtures with reduced yield while larger flowrates
generate large yields of FLG-depleted carbon particle mixtures.

5.3 Application of in situ techniques

53.1 OES

As discussed in chapter 2.2, the gas temperature is an important factor during the growth of
carbon particles and may influence the formation pathways of PAHs and their growth towards
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larger molecular clusters. However, the peak temperature of the plasma and the temperature
profile in the post-plasma zone is not known sufficiently well. Therefore, it is not clear so far,
whether part of the observed experimental results are influenced by variation in gas tempera-
ture. To improve the understanding of temperatures, OES measurements are performed to
observe which molecular and atomic species emit light. In case of small molecules, their rota-
tionally resolved emission can be used to calculate their respective rotational temperature.
Because the plasma process is operated at atmospheric pressure, fast collisional energy trans-
fer will promote equilibration of rotation excitation with the gas temperature. Further discussion
and constraints/limitations on the OES measurements and explanations on which information
can be extracted is presented in Section 9.3. Figure 5-8 displays example OES spectra ob-
tained for different plasma conditions.
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Figure 5-8: Example OES spectra measured for different plasma conditions [175]. The lower half shows

the pristine and H20 doped plasma, while the upper half displays the emission after a hydrocarbon
reactant is introduced.

The pristine plasma spectrum — prior to the injection of either H.O or any hydrocarbon reactant
— only consists of emissions from hydrogen and argon. The emitted lines can be assigned to
the Balmer series of H and metastable Ar states above ~670 nm [185]. When the plasma is
doped with water, atomic oxygen lines (~777, ~833 nm) [185, 186] and OH (~310 nm) [187,
188] emission becomes visible. Upon the addition of hydrocarbon reactants (either Co2HsOH or
C2Ha), the plasma shows emission of the C, swan band system [189, 190] centered at 516 nm
and several other hydrocarbon fragments such as CH (~430, ~390, and ~314 nm [43, 191]),
atomic carbon (~250 nm [192]), and Cs (~405 nm [193]). One of the CH lines might overlap
with the C, Deslandres-d’Azambuja system at ~385 nm [194]. When adding CzH4 to plasmas
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doped with water, the OH emission vanishes and only CH is detected in the corresponding
wavelength region of 300—-320 nm. Similarly, atomic oxygen is not observed anymore.

The OH and C; emission observed is compared between the different experimental cases to
judge whether first, the temperature is changing by injecting different hydrocarbon reactants
(Case 1 and 2) with different concentrations (Cases 2—4), and second, whether the apparent
rotational temperatures are affected by non-equilibrium effects such as chemiluminescence
which is reported to occur in, e.g., methane/hydrogen plasmas [195]. In case of chemilumines-
cence, the rotational temperatures of OH and C. could deviate due to excess energy as result
of exothermal chemical reactions, and the determination of the gas temperature is not possible.
For all experimental cases — with the exception of Case 7 — 2—-3 spectra for the C, emission in
the wavelength range of 510-520 nm are recorded. For Cases 5-7 in which water is added to
the Ar+H, plasma, one spectrum for the OH emission at 300—-320 nm is recorded. Figure 5-9
shows results for the rotational temperature obtained by analyzing the C. emission with the
Boltzmann plot method for Case 2.
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Figure 5-9: a) High-resolution OES spectrum of the C2 (0-0) bandhead at ~516 nm for Case 2. b) Boltz-
mann plot for the rotational lines (of two measurements) with the resulting temperature [175].

Using the Boltzmann plot method and comparing Case 1 with Case 2, both experimental Cases
show a similar rotational temperature of T = 3830 £ 200 K (Case 1) and T =3750 + 100 K
(Case 2). These two values are within the experimental error and similar to values which have
been reported for other microwave plasma systems during the synthesis of FLG in literature
[22, 88]. To judge whether these values are realistic for the reactor used, simulations of the
spectra with PGOPHER are performed. The simulation and fitting results (~3800 K for Case 1)
also match the result by the Boltzmann plot method. Figure 5-10 shows the overall comparison
of temperatures obtained by the Boltzmann plot method for C, and OH for the experimental
Cases 1-7. The C, obtained temperature for Case 7 does not show an error bar because the
plasma became less table at such high H.O flowrates, i.e., the C, spectra are noisy.
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Figure 5-10: Comparison between the temperatures obtained by the Boltzmann plot method for C2 and
OH for Cases 1-7.

When comparing the values for the C; rotational temperature or the OH obtained temperatures
prior to C2H4 injection, only a small deviation can be observed. The rotational temperatures for
OH seem to be overall slightly lower compared to those of C,. The observed species in the
OES spectra are compared to the predicted species generated by chemical equilibrium calcu-
lations (Figure 9-17 in Section 9.5.4) for the calculated/assumed plasma temperature. The
comparison reveals that the observed emitting species match the predicted ones and the gas
composition can be considered to be in or near equilibrium and the reactants are (almost) fully
dissociated towards their atomic constituents at ~3800 K. For the addition of H,O, >99 % of
water molecules are dissociated at such temperature and the concentrations of atomic hydro-
gen and oxygen are reaching a plateau. Similarly, when adding C>H4 as hydrocarbon reactant
(with or without water being present), or adding C>HsOH, the concentrations for atomic carbon
and hydrogen are in a constant state. Furthermore, for all experimental cases, similar temper-
atures are observed independent on whether the specific cases form carbon particle mixtures
which are abundant in soot-like particles or FLG flakes.

Summarizing the results, it can be stated that the plasma temperature is not the main driving
force behind the observation of different carbon particle mixtures in the investigated experi-
mental cases, as the temperature values are almost the same for every experimental case,
the reactants are fully dissociated into their atomic constituents, and no mechanistic changes
in the PAHs formation and growth processes are expected.

5.3.2 FTIR

To further analyze the process, potential changes of the species gas-phase concentrations are
monitored by in situ infrared absorption spectroscopy (4000-400 cm™') for the Cases 1, 2, and
5-7. These measurements were performed together with Stanislav Musikhin at Reactor B (Ta-
ble 3-1) by guiding the infrared beam through a ~0.6 m long straight tube in the plasma reactor
effluent. Figure 5-11 does show exemplary the obtained FTIR spectra for the pristine plasma,
Case 1, Case 2, and Case 7.
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Figure 5-11: FTIR transmission/transmittance measurement of the plasma off-gas with ~0.6 m absorp-
tion length plotted between 4000 and 550 cm~' [175]. For the base plasma the transmission is shown in
the lower part and for Cases 1, 2, and Case 7 (C/O = 1.33:1) transmittance in the upper part.

For the pristine plasma, the transmission spectrum of the beam through parts of the laboratory
and the reactor is shown. Several absorption bands can be recognized and assigned to water
vapor (~3700, ~1600 cm™") and carbon dioxide (~2300, ~670 cm™") originating from the labor-
atory air. The plasma only consists of H> and Ar, which do not absorb significantly in the given
wavenumber range. For the displayed transmittance spectra, these signals are also weakly
visible, because flushing the IR-light path with dry nitrogen did not lead to completely stable
results. When C,HsOH (Case 1) is added into the plasma, the composition of the off-gas
changes. For the transmittance, the appearance of CoH, (~3250, ~1300, ~750 cm™), C2Ha4
(~950 cm™), CH,4 (~3000 cm™"), and also CO (~2150 cm™"), can be observed. A weak feature
at ~630 cm™ can be attributed to C4H,. Case 2 shows the same hydrocarbon absorption lines
but not CO, which is caused by the oxygen-free atmosphere. Also, the absorption of C,H, and
CsH: is stronger for Case 2 compared to Case 1. Comparing these observations to results from
literature, shows that the observation of these specific species matches with reported experi-
mental work and reaction kinetical calculations (e.g., [23, 196-198]). For Case 7, the presence
of CO can be observed while the absorption for the different hydrocarbon bands is reduced.
Figure 5-12 compares the absorbance of C,H;, CO and C4H, for Case 1, Case 2, and for
Cases 5-7. The absorbance of the species is proportional to the concentration of the respec-
tive molecules. Therefore, observed trends are also indicative for quantitative changes in the
species concentrations.
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Figure 5-12: Variation of the FTIR spectra of C2H2, CO, and C4H2 for experiments using mixtures of
ethylene and water at different input C/O ratios and their variation of the integrated absorbance [175].
The values for C4H2 are multiplied by a factor of 30 to scale.

Figure 5-12a shows the changes of the C;H,, CO, and C4H; absorption bands for Case 2 and
Cases 5—7. It can be seen that the CO absorption increases when the flowrate of water is
increased. Simultaneously the absorption bands for CoH, and CsH, become weaker. Figure
5-12b compares the integrated absorption for these mentioned lines between Case 1, Case 2
and Cases 5-7. The measurements visualize the trend in Figure 5-12a and reveal that only
Case 7 (C/O = 1.33:1) shows absorbances similar to Case 1 (CoHsOH, C/O = 2:1).

To summarize the FTIR results, the stable pyrolysis gases which are identified for all experi-
mental cases are CoH». CoHs, CH4 and C4H.. When oxygen is supplied into the reactor either
as part of a reactant (ethanol) or as additional separate molecule (H-O), CO formation is ob-
served. Decreasing C/O ratios by the addition of more H.O (Cases 5-7) leads to the formation
of increasingly more CO, while the concentrations of CoH2 and CsH> are decreasing. The de-
crease in C/O ratio and resulting increase in CO formation correlates for Cases 2 and 5-7 with
the decrease in yield of harvested carbon particles. Yet, absorbances and yields for Case 1
and 6 vary although the same C/O ratio is supplied.

5.4  Reaction kinetics modeling

To further aid in describing the experimental observations, simple 1D kinetics simulations are
performed in collaboration with Xian Shi and Hai Wang (Stanford University) to simulate the
concentration of different molecular species and their evolution along the plasma reactor at
different HAN. The used chemical kinetic mechanism, assumptions, and boundary conditions
are summarized in Section 2.5. Figure 5-13 displays the assumed temperature profile and the
evolution of different species concentrations along the reactor axis for Case 1 and Case 2. For
the purpose of visibility, only the most abundant predicted species and some intermediates are
shown.
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Figure 5-13: Simulated species concentration profiles along the reactor for Cases 1-2 and the temper-
ature profile determined by in situ methods as a basis for the simulation.

Following the reaction coordinate, the species profiles can be separated in three different re-
gions. In the first region the temperature increases fast and reaches the assumed plasma
temperature of 3700 K. Caused by the increase in temperature, the reactants dissociate into
their atomic components (C, H) or other simple and stable molecular fragments. Because the
reactant mixture for Case 1 contains oxygen, CO is formed, which only start to dissociate at
temperatures of >4000 K. The second region describes the plasma zone in which a constant
temperature is assumed. All the species are in thermodynamic equilibrium meaning their frac-
tion of dissociation is determined by their temperature stability. The third region is characterized
by the drop in temperature from 3700 K at 0.09 m HAN to 600 K at 0.35 m HAN. In this region
the concentration of different hydrocarbon fragments such as C2H, CH, and C starts to de-
crease while more stable simple molecules are formed. The most abundantly formed species
are Hy, CzHo, and C,Hs. The species do reach a stable plateau below 1000 K (~0.25 m HAN).

Comparing the simulated stable species concentrations of Case 1 to Case 2 shows that Case 1
has lower concentrations for all and especially the most abundant hydrocarbon species. This
also affects the relative ratio between the different hydrocarbon species as can be seen at the
example of the CsH. concentrations. In Case 2 its concentration (~1.7x10™*) is larger in
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comparison to CoHs (~4%107°) while for Case 1 both the relative and absolute concentrations
(~3%x107°) change. The absolute concentration for C;H4 is mostly unaltered between both
cases. The reason why CsH> shows such a sensitivity to the presence of oxygen is probably
related to its formation path which is directly linked to the concentration of C.H.. Because the
concentration of C2H, halves from Case 2 (~4.8x107%) to Case 1 (~2.4x107%), the concentration
for C4H; also drops.

The Chemkin simulation is investigated on how sensitive the species concentration profiles
react to changes in the assumptions such as the peak gas temperature and the temperature
decay rate. Figure 5-14 shows a comparison between assuming a different peak temperature
(6000 instead of 3700 K) in the plasma region and artificially changing the residence time of
the gas mixture to become larger by increasing the flow reactor model diameter (factor 5). For
visual clarity, only a limited number of species (compared to Figure 5-13) is displayed.
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Figure 5-14: Analysis of the simulation sensitivity to different boundary conditions shown here for
Case 1. The simulation on top assumes a higher peak gas temperature, while the plot on the bottom
modifies the residence time. Dash-dotted lines refer to the pristine Case 1 while transparent solid lines
represent the altered boundary conditions.

The comparison reveals that the simulated concentration profiles are sensitive to the overall
residence time, while being mostly unaffected by the peak gas temperature assumed for the
plasma. An increase in the peak temperature only slightly affects the overall plug-flow resi-
dence time (0.97 s) compared to the normal Case 1 (0.97 s) while reducing the residence time
in the plasma (HAN 0.05-0.09 m) from 17 to 12 ms. Although the concentrations of stable spe-
cies within the plasma are changing for a different temperature and more atomic fragments are
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present, the concentration of the species formed at larger HAN is unchanged. An increase in
residence time to in total 24.6 s, leads to the formation of different concentrations of molecular
species from ~0.2 m HAN downstream. The dependence on the residence time which is equiv-
alent to a different temperature decay rate indicates that the process is kinetically controlled in
the third region of the temperature profile, because the species are not in equilibrium anymore.
For equilibrium, the concentrations would reach the same values. Noticeable is the increase
of the benzene concentration for the case in which the residence time is increased. This finding
may imply that altering the residence time can be used to change the yield and the type of
obtained solid carbon materials as more growing PAH molecules become available for solid
carbon formation.

The by the simulation predicted different stable gas compositions can be analyzed regarding
trends and compared to the FTIR observations. A comparison of the expected CO and C;H;
mole fractions for Cases 1, 2, and 5-7 is shown in Figure 5-15a. For the cases in which C,Hs
as reactant is employed, similar trends to the FTIR absorbances are observed. The formation
of CO is predicted to increase with increasing H>O content (decreasing C/O ratio), while the
concentration of generated hydrocarbons, most abundantly C2H,, decreases. Additionally, and
similarly to the FTIR measurements, the amount of C2H, when using pure C.H4 (Case 2) com-
pared to ethanol (Case 1) is larger. Cases 1 and 6, which both share the same C/O ratio of
2:1, are predicted to form the similar absolute amounts of CO and C.;H, mole fractions. This
prediction deviates from the experimental FTIR observation, as the amount of CO absorbance
for Case 1 was measured to be larger and the corresponding C,H» absorbance smaller.

Another aspect that can be extracted from the simulations is the amount of C6+ species (i.e.,
molecular species with six or more carbon atoms) generated. Species such as benzene are
considered important precursors for the growth of solid carbon. Figure 5-15b shows the ex-
pected C6+ species concentration within the different experimental cases.
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Figure 5-15: Evolution of critical species during the synthesis of different experimental Cases [175]. a)
compares the evolution of C2H2 and CO for the experimental Cases of 1-2 and 5-7, b) displays the
molar fraction of C6+ species generated for Cases 1-7.

Both decreasing the concentration of C2H4 reactant and an increase in the addition of water
leads to a decrease of the expected C6+ species concentration. This behavior can be ex-
plained with the larger amounts of CO formed depending on the supplied C/O ratio, as it re-
duces the concentrations of the remaining hydrocarbon species which can form larger

58



molecules. Comparing the obtained carbon particle mixtures and their respective yields to the
trends of C6+ species concentrations shows that FLG-rich carbon samples and their yields
correlate with lower predicted C6+ concentrations. For Cases 2 and 5-7 the C6+ concentra-
tions decrease, while purer FLG particle mixtures with smaller yields are obtained. A similar
observation is also evident when altering the supplied C2H4 reactant concentration in Cases
2—-4. However, the same concentrations are predicted for Cases 1 and 6 while the experimental
observations show differences of the yield and composition in the obtained carbon particles.

Interestingly, the results are also almost independent on the amount of Hz added to the gas
mixture. Because H: is reported by some authors to be able to guide the process for the gen-
eration of tailored carbon materials (e.g., plasma processes or flames [94, 179, 199, 200]) by
influencing at which rate hydrogen abstraction reactions on e.g. the growing PAHs edges take
place during the growth process, this result is surprising. Increasing the Hz content in the re-
action mixture leads to a decrease in C6+ species while the formation of more simple hydro-
carbons (e.g., C2H) increases. When the concentration of H; is doubled from a Hx/C;Hs ratio
of 5to 10, changes in the species concentrations are observable but not as large compared to
the addition of water (Figure 5-15b). Figure 5-16 shows the evolution of C6+ species with the
content of hydrogen. Experiments in which the addition of H,O to CzH4 is substituted with Hz
confirm the simulations. The corresponding details are shown in Section 9.5.1 of the appendix.
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Figure 5-16: Evolution of the mole concentrations of C6+ species and C2H2 with different H2/C2H4 ratios.
Aratio of 5 is similar to the experiments for Case 2 as 1 sIm of Hz is added into the sheath gas and the
used plug flow model assumes homogeneous mixing.

5.5 Conclusions

Summarizing the experimental results and the simulation, the results indicate that the addition
of oxygen in the form of water reduces the overall yield of solid carbon phase while simultane-
ously the formation of FLG like materials is favored. Taking into account how the generated
carbon nanoparticles differ when the concentration of CzHs is altered, being more FLG-rich
when using less reactant, indicates that the concentration of the gaseous carbon species which
is supplied into the plasma is important to tailor the growing solid carbon phase. Oxygen sup-
plied by water is fully converted to CO, which alters the concentration of gaseous carbon spe-
cies which can grow into solid carbon, as evident by FTIR measurements and the simulations.
With these results in mind, a regime diagram (Figure 5-17) for the employed experimental
parameters can be constructed displaying quantitatively which conditions are favorable for the
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growth of FLG dependent on the fraction of “available” carbon atoms (xc — xo) downstream of
the plasma and the input C/O ratio used in the experiments. It needs to be stressed that the
regime diagram is only valid for the experimental limit in which ethanol as reactant generates
pure FLG (Case 1) and ethylene mixtures of different carbon particle types (Case 2).
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Figure 5-17: Regime diagram (inspired by the diagram of Xian Shi [175]) for the affinity of different
experimental cases to form graphene (blue) and soot (red). It is displaying the mole fraction of carbon
minus oxygen (xc— xo), the oxygen-to-carbon O/C input ratio at the bottom, and the carbon-to-oxygen
C/O input ratio at the top. The “available” carbon fraction refers to the carbon species not consumed by
CO formation and experiments with varying C2H4 concentrations contain information on their respective
flowrate.

Looking at the generated regime plot shows that all experiments which reproduce the C/O ratio
of ethanol should lead to graphene formation because the resulting elemental carbon fraction
is in the same range. However, the experimental results for Case 6, when H>O is added to
CoHs with a C/O ratio of 2:1, do not yield pure FLG materials. It is unclear whether kinetic
effects play a role to explain this difference. Based on the simulation, which assumes homo-
geneous mixing, all the added water should be dissociated in the plasma region and no differ-
ence to Case 1 (C2HsOH) should be observed. This difference can imply that the given bound-
ary conditions for the simulations are not valid and/or that there are more underlying processes
which are not accounted for. One unknown is, e.g., whether there exists a significant coupling
between the plasma and the reaction chemistry, because the simulation only looks at a purely
thermal description of the process.

Another aspect that may play a role during the solid carbon formation is the reactivity of differ-
ent oxygen species with carbon structures. This topic is traditionally studied more intensely in
the context of soot oxidation. To describe soot oxidation, usually small PAH molecules are
studied that describe the edge of a soot particle in terms of aromatic rings and then react with
specific oxygen species for the determination of reaction kinetic constants. One example
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where oxidation of a complete particle aerosol is modeled is the work by Frenklach et al. [76].
In this work the soot oxidation was modeled for low (1000 K) and high-temperature (2000 K)
environments. A major result of this study was that the overall oxidation rate is limited by the
concentration of atomic oxygen as reactant. The explanation for the important effect of atomic
oxygen is that species such as OH and O, usually transform/oxidize a six-membered ring to a
five-membered ring [74]. However, they are not able to attack a five-membered ring site effi-
ciently and only atomic oxygen is reactive enough. Comparing the reaction rate of O, with a
six-membered ring and O with a five-membered ring, shows that oxidation based on O is one
order of magnitude faster in oxidizing the corresponding edge site. Hence, O should be able
to selectively remove five-membered rings and prevent — as required for graphene formation
— the out of plane growth, which can lead to the buildup of soot-like particles. Based on such
consideration Leon et al. [77] generated a stability map that predicts the type of carbon nano-
material grown in a flame (~1300 K) based on the type and concentration of different oxidizers
(O2 or O) present. Looking at the results, depending on the specific partial pressures of the
respective oxidizer, FLG should be obtainable by such low-temperature flames if the partial
pressures can realistically be supplied as most combinations are out of chemical equilibrium.
The preferential transformation of six-membered rings to five-membered rings by O, has been
experimentally observed by, e.g., Huang and coworkers in benzene diffusion flames [201].
They thermophoretically sampled soot nanoparticles in the flame at specific heights and com-
pared their microstructure as a function of premixing benzene fuel with fractions of the diffusion
flame oxidizer O.. They observed that increased premixing ratios i.e., larger amounts of O-
premixed with benzene, leads to soot particles with shorter and more curved graphitic fringes
and linked it to the presence of more (curvature increasing) five-membered aromatic rings. For
the presented experiments throughout this dissertation, all reactants are premixed prior to their
decomposition, so similar effects with the observed oxygen species (OH, O) could occur as
well.

In light of these remarks, however, it needs to be mentioned that the simulations predict the
formation of CO already prior to the plasma meaning that all oxygen species should already
be consumed at the beginning of the defined plasma region. The OES measurements are
performed at a HAN distance of ~9 cm downstream of the resonator. No OES signals for OH
or O are observed at the measurement position when hydrocarbon reactants are added to the
experiments indicating that they are potentially already consumed by CO formation. However,
CO could not be observed by OES in Sections 5 or 6, so the experimental proof for this specific
result of the simulation is missing.

Still, the combination of experimental results with the applied inline and in situ methods allowed
to generate a quantitative criterion for the input of reactants into the experiment to rationalize
the growth of FLG in the used reactor system.
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6 Effect of different oxygen carriers on graphene syn-
thesis

6.1 Introduction

In the previous chapter, one of the main conclusions is that the C/O ratio in the reaction system
mainly affects the concentration of ‘available’ carbon for growth as oxygen leads to the rapid
formation of CO as the thermodynamically most stable species under the given high-tempera-
ture conditions. According to this analysis, the source of oxygen should not matter. Yet, some
reports in literature suggest that this might not be true in all cases and beyond thermodynamic
considerations, intermediate species also matter. For example, the formation of soot-like par-
ticles is observed even when high concentrations of CO; [202, 203] are added to the reactant
mixture traveling into similar plasma reactors. Other authors also report that some reactants
are more prone to the formation of soot-like particles even when they are supplied with the
‘correct’ concentration and C/O ratio. Fronczack and coworkers report the formation of soot-like
particles when ethyl acetate is supplied while reactants with the same C/O ratio and similar
concentrations (ethanol and butyric acid) only generate FLG [80].

To clarify the relevance of the chemical nature of the oxygen supplied, experiments are per-
formed in which instead of water, different oxygen carriers are employed. Molecular oxygen
(O2, purity 4.8), nitrous oxide (N2O, 5.0), and carbon dioxide (CO,, 4.5) are used as oxygen
sources to adjust various C/O ratios. Compared to the addition of water, the mixtures contain
less hydrogen and do not fully reproduce the C/O/H ratio of CoHsOH. For the design of exper-
iments, it is assumed that in O, and N2O all oxygen atoms contribute to the reaction but CO
releases only one while the remaining CO is considered inert at the relevant peak gas-phase
temperature of ~3700 K (it would require temperatures around 6000 K to dissociate 50 % of
CO). Thus, the additional carbon and oxygen atom of CO. are neglected for calculating C/O
ratios. The C/O ratio is varied from 4:1-1.33:1 for N2O and O, for CO, only 2:1 and 1.33:1 is
used. Table 6-1 summarizes the experimental cases.

Table 6-1: Oxygen-carrier type and volumetric flow rates.

Case Oxygen carrier Flosv:/x:?r;[e / Ar flow rate / sim  C/O ratio
8 None 0 5 0o
9-11 Oxygen (Oz2) 47.5-142.5 5-x 4:1-1.33:1
12-14 Nitrous oxide (N20) 95-285 5-x 4:1-1.33:1
15-16  Carbon dioxide (CO2) 190-285 5-x 2:1-1.33:1

6.2 Reaction kinetics modeling and experimental comparison

To judge how the three considered reactants interact with C,Ha, kinetics simulations are per-
formed. The same temperature profile of the simulations in Section 5 is used as input and the
resulting predicted species concentrations are analyzed. Because the FTIR apparatus was not
available for these experiments, the simulated concentrations for the various gaseous species
are compared to GC/MS measurements of the effluent gas composition performed by Jirgen
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Herzler. Gas samples are taken during reactor operation by extracting gas samples into 3 |
volume vacuum containers at a fixed position at ~0.8 m HAN (height above nozzle). Prior to
sampling, the containers are purged with N> and evacuated multiple times. Then, the contain-
ers are filled with the gaseous sample up to approx. 800 mbar. Afterwards, the containers are
transported, and the gas composition is measured with the GC/MS system. These measure-
ments are performed for the reference Case 8 only using C>H4 and the cases employing C/O
ratios of 1.33:1. Based on the simulations, no reactions should take place at temperatures
below 1000 K (related to HAN = 0.3 m), i.e., the species concentrations at the measurement
locations are expected to have reached a stable state and therefore, the measurement results
can be directly compared to the simulations. Figure 6-1 shows the temperature profile (top
part) and examples for simulated (on the left ordinate), and GC/MS-measured concentrations
(on the right ordinate) for Case 14 on two separate scales. The simulation results for the other
experimental cases are shown in the Appendix Section 9.6.1.
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Figure 6-1: Temperature profile and kinetics simulation of the species formed in the reactor for Case 14
(C/O ratio of 1.33:1 with N20) as a function of height above the nozzle (HAN). The comparison between
validation measurements by GC/MS in the reactor off-gas and the simulation is shown on the second
ordinate on the right (axis uses a different scale).

Similar to the calculations in Section 5 — with the exception of Case 8 in which only CoHs is
employed — the formation of CO is predicted in all experimental cases with the concentration
depending on the amount of oxygen carrier added. Comparing the measured and simulated
gaseous species concentration for Case 14, they do partly agree. The C2H4 concentration is
underpredicted significantly while both CO and C2H: deviate within 25 % of their respective
prediction. Figure 6-2 summarizes the comparison of the calculated (HAN = 0.5 m) and meas-
ured concentrations (HAN = 0.8 m) for CO, C;Hz, and CzHs. The exact numerical values for
both the simulations and the measurements are shown in Table 9-1 of Section 9.6.3.
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Figure 6-2: Comparison of measured and simulated concentrations of CO, C2Hz, and C2H4 at the meas-
urement position at HAN = 0.8 m with a local temperature of T < 500 K.

It is found that for all Cases, the C,H4 concentrations are underpredicted by the simulation by
a factor of 2—3. The C,H2 concentrations are well predicted (within 20 %) and similar results
are observed for CO. For the addition of N2O, all simulations predict the formation of HCN
(Cases 12—14, shown in Section 9.6.1 or for Case 14 in Figure 6-1). HCN is also detected by
GC/MS (Case 14) with concentrations similar to C2H., but cannot be quantified because the
GC signal for HCN is not calibrated. The differences in the predicted and assumed C,H4 con-
centration observed in Figure 6-2 are unlikely to originate from potentially undecomposed CzH4
introduced into the reactor for the experiments, because previous FTIR absorption measure-
ments described in Sections 5 and 9.2 [175] show complete reactant decomposition at similar
reactor conditions (microwave power, reactant flowrates, detection limit: ~1 ppm). Therefore,
the difference is likely caused by inaccuracies in, e.g., the temperature profile or some of the
other assumptions used for the simulation. Because the concentration of gaseous species in
the reactor effluent strongly depends on the temperature decay, comparable results between
simulation and experiment (C2Hz within 20 %, CO within 25 %) indicate that the assumptions
are not completely accurate but decently describe the experimental conditions.

Figure 6-3 compares the simulated concentration of C6+ species in dependence of the differ-
ent oxygen carriers. For comparison, the addition of H>O investigated in Section 5 is also
shown. In accordance to Section 5, the C6+ species concentration is thereby used as a marker
on how many carbon particles are likely to be formed. Case 8 shows the largest amount of
C6+ formed. When any oxygen carrier is added, the C6+ species concentrations decrease.
For C/O ratios of 1.33:1, the concentrations decrease by almost two orders of magnitude com-
pared to the oxygen-free case. Comparing the expected concentrations for the addition of H>O
with the other oxygen carriers reveals that all species show a similar decrease in C6+ species
concentration and, hence, their ability to form solid carbon particles. As an outlier, the addition
of N2O is expected to reduce the concentration more, because it also forms HCN as a gaseous
carbon sink next to CO.
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Figure 6-3: Mole fractions of C6+ species formed as extracted from kinetics simulations at 0.5 m HAN
distance [204]. The mole fraction decreases for all experimental cases almost similarly, by the addition
of oxygen carriers and lowering the C/O ratio. As a comparison to the previous section, the results for
H20 are also displayed.

In conclusion, the simulation results confirm the previous observation that the formation of CO
can be linked to the C/O ratio with decreasing C/O ratios leading to a significant reduction of
C6+ species. Therefore, all employed oxygen carriers should guide the carbon growth towards
FLG with decreasing C/O ratios.

6.3 Experimental results: Powder analysis

The carbon nanomaterials collected from the reactor off-gas are analyzed with Raman spec-
troscopy. Figure 6-4 shows results of Raman spectroscopy from carbon materials synthesized
at different C/O ratios and harvested from the fiber filter located at the end of the reactor. The
Raman spectra for all experimental cases are displayed separately in Section 9.6.3. Case 8
represents the reference without any oxygen carrier added. Comparing Case 8 in which only
C2H. is employed to the previous one in Section 5 (Figure 5-1a, Case 2) reveals some changes
in composition, because the relative intensity of the 2D band to the G band is larger (1.5 com-
pared to 1.2). Such a change in the relative intensity suggests an FLG-richer particle mixture
for Case 8 and potential reasons are discussed in Sections 7.1 and 9.4. Case 8 shows a
shoulder at ~1250 cm™" indicative of the presence of soot-like particles and a 2D band intensity,
which is lower than the G band. Similar properties are also observed when small amounts (4:1
C/O input ratio) of oxygen carriers are added (Case 9 and Case 12). For Cases 11 and 14,
when the amount of oxygen carrier is increased to a C/O ratio of 1.33:1, the relative 2D peak
intensity increases while the shoulder of the D peak disappears. This may be associated to
few-layer graphene samples with less impurities such as soot-like particles. The stacking order
is based on the description of the 2D bands with a single Lorentzian line shape (FWHM of
~55 cm™, Axpe ratio >1.8) — similar to Section 5 — considered to be turbostratic.
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Figure 6-4: Raman spectra for selected samples in the 300-3200 cm-" range [204].

The measured spectrum for Case 16 (CO», 1.33:1) also appears similar to the spectra for Case
11 and Case 14, i.e., it should only contain FLG particles. However, it is observed that the
Raman spectra for some cases vary significantly between different measurement positions on
the respective samples making it difficult to clearly characterize whether the corresponding
sample possesses a mixture of allotropes or pure FLG. Thus, TEM images are required to
confirm or refute the presence of non-FLG particles in the samples. Figure 6-5 shows illustra-
tive TEM images of the same cases as shown in Figure 6-4 while more images are shown in
Section 9.6.
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Case 16

Figure 6-5: TEM images of on the filter collected powders [204]. By reactants: Pure ethylene (Case 1);
addition of Oz at C/O ratios of 4:1 and 1.33:1 (Cases 2 and 4); addition of N2O at C/O ratios of 4:1 and
1.33:1 (Cases 5 and 7); addition of CO2 at a C/O ratio of 2:1.

Depending on the oxygen carrier, different effects are observed. For O, (Case 9) and N2O
(Case 12), experiments with C/O ratios of 4:1 qualitatively lead to partial suppression of the
formation of soot-like and graphitic particles. Only for the C/O ratio of 1.33:1 no formation of
soot-like or graphitic particles is observed. Both observations match the visible changes in the
Raman spectra. When employing CO2 with the same C/O ratios, the formation of soot-like
particles is not fully suppressed and they are present for both Case 15 and Case 16 (C/O ratios
of 2:1 and 1.33:1, respectively). The yield of harvested carbon particles decreases from
6.6 wt.% (Case 8) to values between 1.1-1.8 wt.% for C/O ratios of 1.33:1, including the ex-
periment with CO».

To investigate whether the ex situ observed differences in the grown carbon allotropes are
already present in the near-plasma region, thermophoretic sampling for Case 8 and cases with
a C/O ratio of 1.33:1 is performed. The reasoning for these experiments is that the carbon
nanoparticles alter their morphology along the reactor axis [168] as discussed in Section 4 and
therefore is of interest if the alteration depends on the nature and concentration of oxygen
carriers. TEM images are shown in Figure 6-6 for a sampling height of HAN = 15 cm.

c ase 11
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Figure 6-6: TEM images of thermophoretically sampled materials collected on TEM grids at HAN =
15 cm [204].

Comparing the images in Figure 6-6 to the results from Figure 6-5 indicates that the growing
carbon allotropes are already defined and present early in the near-plasma region. No quali-
tative difference is observed for the various oxygen carriers. Case 11 and Case 14 generate
FLG, while Cases 8 and 16 also show the presence of soot-like and graphitic carbon particles.

For a more quantitative analysis, thermogravimetric measurements are used to estimate the
amount of different carbon allotropes present in the powder samples which are harvested from
the filter. Figure 6-7 shows exemplary the TG results for Case 8 and cases employing N2O as
oxygen carrier (Cases 12—-14).
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Figure 6-7: a) TG and b) DTG measurements from samples prepared from Cases 8 and 12—-14.

When N2O is added to C;H4, the onset of the mass loss (Figure 6-7a) shifts to slightly higher
temperatures for decreasing C/O ratios. Taking into account the discussion in Section 5 and
the reference measurements described in the Appendix 9.1, this is an indication that the sam-
ples prepared with lower C/o ratios possess a lower amount of soot-like particles as the peak
of the low-temperature oxidizable carbon phase vanishes (Figure 6-7b). Because the samples
with C/O ratios of 2:1 (for all oxygen carriers) are not distinguishable from the pure FLG sam-
ples anymore, the TG/QMS data are used to estimate the soot-like particle content. As dis-
cussed in Section 9.1, the QMS data is more sensitive to small fractions of particles than the
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DTG plots. The result of this analysis is shown in Table 6-2. The measurements including the
TG, DTG, and QMS data are shown for every case in the Appendix Section 9.6.5.

Table 6-2: Content of soot like particles in wt.% determined by thermogravimetric measurements.

Experiment 2;{2:: C/O ratio Soot particle fraction / wt.%  FLG fraction / wt.%
Case 8 - oo ~25 ~75

Case 9 0. 4:1 ~5-10 ~90-95
Case 10 02 21 <5 >95

Case 11 0. 1.33:1 ~0 ~100

Case 12 N-O 4:1 ~13 ~87

Case 13 N-O 2:1 ~5 ~95

Case 14 N2O 1.33:1 ~0 ~100

Case 15 CO2 2:1 ~5 ~95

Case 16 CO: 1.33:1 <5 >95

Summarizing the results, decreasing C/O ratios lead to a smaller fraction (wt.%) of soot-like
particles in the samples. For the addition of CO, (Cases 15 and 16), however, the formation of
soot-like particles is not completely suppressed.

Because oxygen- and nitrogen-containing reactants are added into the reactor and intermedi-
ates such as CN are predicted to form, some of the respective atoms may end up bonded to
the carbon lattice. Such results have been reported for the synthesis of, e.g., nitrogen-doped
FLG in a similar process [205]. To analyze the chemical purity of the carbon particle samples
with slightly below ~1 at.% sensitivity, XPS is used. Figure 6-8 shows XPS measurements for
Case 1 and the cases prepared with the addition of C/O ratios 1.33:1 as they contain the most
amount of oxygen carrier added into the reactant mixture.
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Figure 6-8: XPS measurements taken of samples which are prepared with C/O ratios of 1.33:1 (O2:
Case 11, N20: Case 14, COz2: Case 16) and the reference Case 8 [204].

All samples mostly consist of carbon (=299 at.%) as determined by integrating the atomic lines
of the survey scan. Comparing the obtained oxygen content for the different samples, no ob-
servable difference is detected. For all cases, the oxygen content is below 1 at.% and slight
differences are not considered to be significant. Furthermore, no nitrogen bonding (at ~400 eV)
within the resolution limit of XPS is detected. Therefore, effects which may be caused by dop-
ing or heterogeneous reactions between the solid carbon phase and nitrogen-containing gas-
eous molecules can be neglected. However, it has to be mentioned that the probed area for
the XPS measurements is similar to the Raman measurements which showed variations be-
tween different measurement positions. Therefore, the measurements have similar drawbacks
and e.g., the independent determination of soot/FLG ratio by analyzing the C4s carbon line
becomes challenging (Section 9.6.6). Yet, fitting the high-resolution region with model line
shapes of the C4s spectra shows changes in the relative ratio of soot like particles to FLG
matching the other experimental observations (Figure 9-26).

To summarize the powder analysis, the experimental results partly contradict the expected
results from the reaction kinetics simulations. All oxygen carriers should suppress the formation
of C6+ species and hence, of carbon particles other than FLG similarly well. Similar to Section
5, a decrease in yield of harvested carbon particles is observed for all cases when the C/O
ratio decreases. Furthermore, the measured concentrations of the most abundant gas-phase
species are comparable to the expected ones obtained from the gas kinetics simulations. How-
ever, for the case in which CO; is used as oxygen carrier, the formation of soot-like particles is
not fully suppressed and differences in carbon particle composition can already be observed
close to the plasma, i.e., immediately after particle inception as shown in Figure 6-6. Because
the first formed carbon particles already show differences in composition, the region of particle
inception needs to be probed as their have to be differences which promote soot-like particle
growth when using CO.. Therefore, OES is used to inquire whether significant differences in
gas-phase temperature or generated molecular fragments can be observed when employing
CO; compared to O, or N2O as oxygen carrier.
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6.4  Optical emission spectroscopy

Firstly, Figure 6-9 compares low-resolution scans of the emission spectra for the admixture of
the different oxygen carriers but without the addition of ethylene. Compared to the pristine
plasma containing Ar and Hz only, the admixture of all investigated oxygen carriers leads (sim-
ilarly to the addition of water in Section 5) to the formation of OH (~310 nm) and atomic oxygen
(~777 and 833 nm). For experiments performed with N2O, the formation of NH (~335 nm [196,
206]) is observed, which implies that N2> generated by N.O decomposition is partly dissociated.
However, CO. additionally shows the formation of atomic carbon (~250 nm) and Cz (~516 nm).
The fact that CO- can fully dissociate and form pure carbon species has been reported and
discussed for microwave plasmas above 100 mbar by, e.g. Carbone et al. and Miotk et al. [197,
207]. The simultaneous presence of carbon and oxygen species is surprising, because only
the presence of (stable) CO molecules would be expected in the chemical equilibrium calcula-
tions at the assumed gas temperature of 3700 K. While for NoO and O addition the observed
species match those predicted from chemical equilibrium calculations, for CO», the observed
species imply the presence of a nonequilibrium formation processes.
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Figure 6-9: Comparison of measured OES spectra for the addition of the different oxygen carriers (Oz,
N20, and COz) to the Ar + Hz plasma [204].

The spectra obtained when Cz;H,4 is added to the reactor are similar to the ones reported in
Section 5. The emission lines generated from the different oxygen carriers (O, OH, NH) vanish
and the spectra become dominated by the C, Swan band emission and several other hydro-
carbon fragments. However, the addition of N2O also leads to the detection of intense CN violet
band lines (~380 nm [208]). Figure 6-10 compares the emission spectrum measured for Case
8 and Case 14.
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Figure 6-10: Comparison of OES spectra in the range of 190-520 nm obtained for Cases 8 and 14 For
better visibility, the graphs are separated in three different regions [204].

Similar to the analysis presented in Section 5, the observed C, and OH (prior to the CoH4
addition) spectra are used to calculate (rotational) temperatures. For all experimental cases,
at least four different spectra are recorded for the determination of temperature; three for C;
and one for OH. When CO: is added into the reactant mixture, additional measurements are
performed to record the C, emission observed prior to the addition of C2H4. For the C, emission
lines, two spectra in the range of 510-520 nm and one in the range of 480-520 nm are rec-
orded. Two different methods are applied to extract temperature values of the C. spectra. The
Boltzmann-plot method is applied to all three measurements for the emission lines in the region
of 510-520 nm. Additionally, the full recorded spectrum in the range of 480-520 nm is fitted
with the PGOPHER software. For obtaining temperatures from the OH emission lines, only a
single spectrum is recorded in the range of 300-320 nm and analyzed by the Boltzmann plot
method.

Comparing the temperatures obtained from C, and OH for the different experimental
cases — before and after the addition of CoH4 — similar values are observed. The temperature
values are depicted in Figure 6-11 and are in the range of 3200-3900 K.
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Figure 6-11: Comparison of temperature values calculated by either the Boltzmann-plot method or fits
with PGOPHER for C2 and OH emission spectra [204].

The resulting temperature values are similar to those presented in Section 5. The only excep-
tion from these temperature values is observed for Cases 15 and 16, employing CO; as oxy-
gen carrier, by analyzing the C, emission present prior to C2H4 injection. For, e.g., Case 15 in
Figure 6-12, the derived C; rotational temperature is ~6100 K while the OH temperature is in
the expected range of ~3570 K (both are calculated with the Boltzmann plot method). Such a
high value for the C, temperature would not be surprising in a thermal process as temperatures
above 4000 K are required to thermally dissociate CO into atomic carbon and oxygen. But
because this effect is exclusively observed for CO, addition it is more likely that the hot C,*
originates from chemiluminescence.
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Figure 6-12: High-resolution scan of the C2 region for Case 15 when only CO: is added, i.e., prior to
C2H4 addition [204].

6.5 Summary

Summarizing the results and revisiting the discussion at the start of this section, one question
based on the results described in Section 5 was whether the source for oxygen can play a role
in the formation of carbon nanomaterials. Some results in literature suggest that there are
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some extreme cases in which soot-like particles form although the supplied reactant concen-
tration is in a regime (Figure 5-17), where pure FLG as product would be expected. Based on
the model and the simulations, no impact was expected, because all reactant should, upon
reaching the plasma, decompose into their atomic constitutes and reassemble into similar spe-
cies (concentrations) downstream of the plasma. The experimental results refute this assump-
tion by showing that although all tested oxygen carriers (O2, N2O, CO-) reduce the amount of
solid carbon harvested, CO; did not fully suppress the formation of soot-like particles at the
same concentration of expected formed atomic oxygen. This difference is already observed in
materials harvested by thermophoretically sampling close to the plasma effluent. It might imply
that the formation of soot-like particles is directly linked to a localized effect. Comparison of the
expected species concentrations to GC/MS measurements matching within 25 %. OES re-
veals that while all (decomposed) oxygen carriers generate OH and O species in the plasma,
CO; apparently also leads to the formation of atomic carbon and C,. Therefore, CO- not only
needs to be considered as a source of net one oxygen atom, but also (locally) as a source for
carbon. The unexpected release of additional carbon species by CO» might then be able to
influence the first nucleation and growth of solid carbon species in a similar way to larger eth-
anol concentrations which also lead to soot-like particle formation [23, 83].
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7 Summary

The thesis investigates the growth of carbon particles, focusing on FLG in a microwave plasma
reactor by the means of ex situ material characterization, different in situ and inline analysis
techniques, and gas-phase CHEMKIN simulations.

The questions which are formulated and addressed in this thesis are:

e How does the FLG structure formation happen and proceed in the employed experimental
setup?
o Whatis the effect of oxygen on the selectivity of the synthesis to generate FLG?

The first question is addressed by employing thermophoretic sampling aided by laser based in
situ diagnostics (performed by Stanislav Musikhin and Muhammad Asif) as discussed in Sec-
tion 4. Studying the particle formation provides experimental proof on how the carbon particle
growth for FLG likely proceeds within the plasma reactor and can be visualized with the sketch
presented in Figure 7-1.

Figure 7-1: TEM images depicting the likely evolution of FLG particles during the growth process, start-
ing from a PAH molecule (image taken from literature [57]). (a) Graphene particles showing mostly
rounded shapes and starting to fold or crumple; (b) End result of crumpled FLG sheets.

At first, PAH molecules are formed and undergo heterogeneous growth at their edges towards
larger rounded flakes. Later on, the flakes become unstable and start to fold/crumple into more
dense structures (Figure 7-1a). It is possible that the folding occurs in a ‘nice’ way showing
well-defined folds or arbitrary arrangements. The folding and crumpling of structures may be
induced by several external effects, which can induce corrugations and reduce stability of the
unfolded and uncrumpled flakes. At the same time, flakes can also continue their edge growth
into the direction of the respective fold. It is also possible that some flakes start to agglomerate
before reaching the filter. In all the cases, FLG flakes will finally agglomerate at the collection
filter where they are harvested (Figure 7-1b).

The second question on how oxygen affects the growth of carbon particles is addressed in two
parts (Sections 5 and 6) by synthesizing materials with specific variations of the experimental
parameters. Literature results suggest that specific C/O ratios (2:1) in the input gas mixture
can favor the formation of FLG. The effect of the C/O ratio is studied in Section 5 by using
different reactants (ethanol and C2Hs) and reactant mixtures (C.Hs admixed with different
amounts of H20), it has been possible to form carbon particle mixtures which contain different
amounts of distinguishable carbon allotropes (soot-like/graphitic particles and FLG). The
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yield/amount of harvested carbon particles thereby correlates with the abundance of different
carbon allotropes in the particle mixtures, i.e., syntheses with larger yields are richer in soot-like
and graphitic particles while lower yields show FLG-rich mixtures. Estimations of the
gas-phase temperatures in the plasma by OES do not show differences when different carbon
particle mixtures are synthesized. FITR absorption measurements of the gas-phase composi-
tion in the effluent show that when H,O is added to CzH4, increasing amounts of CO are formed
while the concentration of hydrocarbon species (most abundantly C,H») decreases. Reaction
kinetics simulations which employ a generated temperature profile and are based on a reduced
combustion mechanism are able to reproduce the observed trends in gas-phase composition.
Because the temperatures are not varying between the different experiments and all reactants
should be decomposed to the same degree before growing into carbon structures, the effect
that FLG is formed when an input C/O ratio of 2:1 is used is most likely only related to the
carbon concentration available for growth. Oxygen thereby depletes the concentrations of car-
bon species by CO formation and generates a chemical environment in which the growth of
few PAH molecules into larger graphene sheets is favored.

Section 6 investigates the effect of C/O ratio on the selectivity of the syntheses further by
evaluating whether the source of oxygen can have an impact on the obtained carbon particles.
The motivation for this study is that some literature results suggest influences when specific
reactants, e.g., CO; are used. For the investigation, H.O is substituted by O, N2O, or COa.
Employing reaction kinetics simulations to predict the gas-phase composition in comparison
to Section 5 and considering that the reactants are fully decomposed, no different influence on
the particle growth is expected and all oxygen carriers should yield the same carbon particle
product. The simulations are compared to GC/MS measurements of the off-gas and similarities
in absolute concentrations are found. Yet when using ex situ characterization to analyze the
obtained carbon particle mixtures, experiments show a different behavior as CO; leads to the
formation of soot-like particles even when low C/O ratios (1.33:1) are used. N.O and O, show
similar results to H>O in favoring the formation of FLG at a C/O ratio of 1.33:1, however, all
reactants — including CO; — show decreasing yields of harvested particles when larger
amounts are admixed. Thermophoretic sampling in the syntheses in which C/O ratios of 1.33:1
are employed. When using O and N2O as oxygen carrier only FLG is observed while utilization
of CO; shows the presence of FLG mixed with other carbon particles. The results show that
the specific difference in carbon particle mixture composition are already present close to the
plasma after the first particle formation. OES measurements of the plasma on the different
reactant mixtures prior to the introduction of C2H4 show that in case of using CO- also C2 and
atomic carbon as a decomposition product is formed. Because the absolute concentration of
CO formed and a similar (to the other oxygen carriers) decrease in particle yield is observed,
it is likely that carbon species formed by the CO-> decomposition influence the first particle
nucleation following the plasma and need to be accounted for when using CO2 as oxygen
carrier.

The results can be compiled into a short conceptual description of the carbon growth. Simple
PAH molecules are formed. The conditions in which the PAH molecules form and continue to
grow is given by the concentration of reactive species as supplied into the reactor by employing
specific experimental parameters including C/O ratio and residence time. The requirement is
to prevent the random attachment of PAH molecules to each other as it induces a formation
path leading to soot-like particle formation. The PAH molecules grow into large monolayer
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graphene sheets which then self-fold, crumple, and agglomerate into their final morphology
when harvested from the particle filter

7.1 Outlook

Independent of the questions that have been addressed in this work, i.e., of the experimental
conformation on how the growth of FLG particles proceeds and which conditions are favorable
for their formation, little is known in detail about the growth of PAH molecules towards gra-
phene. The gas-phase chemistry and observed concentrations and trends which are measured
in the effluent can be well described as purely thermal processes by combustion mechanisms.
Yet, when trying to implement a model to describe the carbon particle growth, the growth rates
are significantly underpredicted and may indicate that some formation pathways are unac-
counted for and/or the used assumptions might be lacking. One influencing factor is likely to
be the use of mechanisms that do not fully represent the plasma reaction environment as these
mechanisms do not contain reactions that involve electrons or ionized species. Studies focus-
ing on the PAH growth in space (e.g., [209-211]) show altering discharge induced formation
pathways, however, the conditions are hard to compare to present experiments. Indication that
reactions of plasma chemistry may play a role comes from the observation that CO- likely
dissociates towards C, via a nonequilibrium pathway, which would not be expected for the
assumed temperature profile. Hence, one goal should be to investigate the plasma chemistry
on a more detailed level by the means of more characterization techniques to determine the
properties of the plasma itself and identify PAH hydrocarbon species fragments which are
formed.

One approach in doing so might be to improve the accessibility for optical diagnostic methods
which will be one major challenge which needs to be tackled. A way to improve the accessibility
might be to switch to plasma systems which generate an extended plasma torch in the down-
stream region. In such case the temperature gradients leading to formation of the condensed
phase are easier to reach. Figure 7-2 compares the current plasma system to a Muegge at-
mospheric plasma torch. As can be seen from the comparison, the currently employed version
only possesses a very localized plasma torch that does not extend into the effluent (Figure
7-2a) and only the added thermocouple does indicate the hot gas flow. Contrary, Figure 7-2c
shows the formation of a torch towards large HAN distances. When a reactant is added, the
current plasma system leads to the formation of a hot particle flow downstream (Figure 7-2b).
In case of the other plasma system in Figure 7-2d, the particle nucleation seems to happen at
the boundary between the luminescent plasma torch and the surrounding colder gas. Thus,
the particle and PAH formation zones may be accessed more easily.
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Figure 7-2: Comparison of the currently employed CYRANNUS plasma source (a, b) with a different one
from Muegge (c, d). In both cases the operation of just the plasma is shown (a, c) and compared to the
situation when a hydrocarbon reactant is added (b, d).

The materials sampling processes would also benefit from further improvement. Classically,
sampling probes are added into the reaction zone to extract quenched gas or aerosol samples
for further analysis. As an example, the images of molecules displayed in Figure 2-3 and data-
points in Figure 2-4 are generated from samples which are extracted by a hole-in-a-tube nozzle
from flames. In the current experimental setup, the reactions of interest happen very early, as
the formation of monolayer graphene flakes is already observed at very low distances from the
plasma zone. Therefore, the introduction of probes is partly hindered by the limited accessibility
and the extreme conditions. A possible solution could be to purely rely on and improve the
thermophoretic sampling process to analyze the simultaneously adsorbed molecular frag-
ments. An example in which such an approach is used is the work of Apicella and coworkers
[212]. They employ laser desorption time-of-flight mass spectrometry on materials harvested
via thermophoretic sampling to analyze differently volatile carbon species formed.
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9 Appendix

9.1 Thermogravimetric analysis of particle samples and reference measure-
ments

Thermogravimetric (TG) measurements (Oz in Ar) are performed to analyze the fraction of
distinguishable carbon allotropes present in samples from the different experimental cases.
Pure soot and FLG samples serve as reference. As shown in Figure 9-1, the thermal stability
strongly differs between soot-like particles and graphene flakes. In graphene flakes, oxidation
starts at higher temperatures. In the DTG plots, FLG shows a single peak at ~700 °C only,
while soot-like particles show multiple peaks with varying intensity already at lower tempera-
tures. A simultaneous analysis of the off-gases by quadrupole mass spectrometry (QMS) also
shows the shift to lower temperatures and the multi-peak structure in the CO. (m/z = 44) signal
for soot-like particles.

To further evaluate how well the materials can be distinguished and how well the concentra-
tions can be determined, different mixtures of both materials with fixed content are measured.
Down to concentrations of 10 wt.% soot in FLG, a clear second peak at lower temperatures as
a shoulder is observed in the DTG plots. Below this concentration however (5 wt.%), it is diffi-
cult to distinguish. The CO2, QMS data however (not shown), shows a small shoulder which
allows one to detect the particles. For even lower concentrations (<5 wt.%), the measurement
as they are performed here cannot visualize the presence of soot-like particles anymore.

o
O\_ 100 . I - T T g 100 =
IS £ £
> 80 E 2 5]
[} A Soot
g %07 8 eo0- 50 wit%
S = £ —— 20 Wt%

40 kS, .
o O 40 10 wt%
= £ 2 5 Wt%
T 209 T 8 20- FLG
Ko) 0]
g (nd
D: ° ' ' j T 01 T T T T
< O c
=~ 32 g
c -10 =
GC) 10 S
= -
> -11 — -

10+ 4 . ) /./\_._——
o .=
A S Y Vall 7 A B
2 102, -~ | 7
| _—— . 17
, - 2 »
101 B . .12 = e " —
200 400 600 800 1000 200 400 600 800 1000
o
Temperature / °C Temperature / °C

Figure 9-1: Left: TG measurements on powder synthesized with ethanol (solid lines) and toluene
(dash-dotted lines). Below: Corresponding QMS measurements. Right: TG measurements of different
soot-like particles/FLG mixtures. Below: Corresponding mass changes.

To further test the hypothesis that the shoulder at 540 and 650 °C specifically refers to soot-like
particles, the material from Case 1 (cf. Section 6) was heated up to 660 °C to selectively re-
move the fraction of low oxidizing carbon. Figure 9-2 shows that for this material, the thermal
treatment leads to a loss of ~30 wt.% of carbon.
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Figure 9-2: TG measurements performed for C2H4 to evaluate the selective removal of soot-like parti-
cles. Left: Thermal treatment up to 660 °C removes 30 wt.% of material. Right: TG measurement follow-
ing the treatment.

Following this pretreatment with a normal measurement (heating up to 1000 °C), the shape of
the DTG profile is transformed and the low-temperature multi-peak structure seen in samples
without the pretreatment has disappeared. TEM measurements reveal (not shown), that after
the heat treatment, the sample still contains particles, but their number is reduced, matching
the TG results. Although this indicates that the selective removal is not ‘optimized’, it also con-
firms the peak assignment together with the calibration curves in Figure 9-1.

The oxidation of carbon materials measured by TGA depends on the specific reaction condi-
tions. Thus, the effect of different oxygen concentrations in the reaction atmosphere and dif-
ferent heating rates are examined to investigate how they modify the TG and DTG curves
(Figure 9-3). For the variation of reaction conditions, the sample prepared by Case 8 (Sec-
tion 6) is used.
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Figure 9-3: DTG plots obtained by performing TGA on powder generated by Case 8 while varying the
reaction conditions. In a) the oxygen content in the gas mixture is varied while in b), the heating rate
changes.

For the DTG plots in Figure 9-3a, it is observed that an increase in relative oxygen content in
the supplied gas mixture shifts the DTG signals slightly towards lower temperatures. Contrary,
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lower oxygen contents shift the signals to larger temperatures and the peaks become flatter
and merge. The effect of different heating rates seems to be limited to shifting the entire curve
to higher or lower temperatures, while maintaining the overall shape.

9.2 IR absorption measurements of ethanol vapor

Figure 9-4 displays three infrared absorption measurements that only measure the Ar + H>
plasma, ethanol vapor diluted in Ar and Hz, and ethanol added to the Ar + Hz plasma. When
only a plasma consisting of Ar and H; is ignited, no significant absorption is observed. Adding
ethanol vapor to the Ar + H, gas mixture without igniting the plasma shows absorption lines for
ethanol. Thus, monitoring the ethanol absorption lines can give information whether ethanol is
completely decomposed in the plasma process. When igniting the plasma and adding ethanol
again (Case 1), the specific ethanol lines vanish and instead, CO, C.H, and CzH4 is observed.
Therefore, full conversion of ethanol towards solid carbon particles and gaseous molecular
products is assumed. For the measurements presented in Section 5, mostly the transmittance
instead of the transmission is used. The transmittance spectra show the relative change of the
measured spectrum in respect to the background Ar + H> plasma. Hence, only new or absorp-
tion lines with different intensities are visible allowing to monitor trends more easily.
Ar/H, + ethanol - plasma
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Ethanol
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Figure 9-4: Recorded FTIR transmission spectra for experiments with ethanol as example hydrocarbon
reactant inside of the reactor. Spectra include the pristine plasma (black), the plasma gases with ethanol
but without plasma ignition (red), and the case but with running plasma and ethanol added (blue) [175].
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9.3 OES measurements

9.3.1 Constraints by process stability and spectrometer system properties

For analyzing the optical emission spectroscopy (OES) measurements in the plasma zone,
many aspects need to be considered. As already mentioned in Section 3.2 a steady state over
the duration of each measurement is assumed. Such an assumption becomes necessary, as
the measurements can take up to 20—30 minutes for one spectrum and the relative emission
intensity of specific lines has to be stable for the full measurement duration. Figure 9-5 display
two different plots with focus on the signal stability.
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Figure 9-5: Example OES measurements showcase intensity fluctuations of the recorded spectra. a)
Highly resolved scan (0.1 A/s) of the Hq line, b) Scan of the C2 Swan region between 510-518 nm
(0.2 A/s) recorded for experimental conditions in which water (2:1.5) is added to C2H4 (Case 7). The
inset in b) shows the corresponding Boltzmann plot [175].

The shape of the Hqy emission line in Figure 9-5a shows that the signal intensity slightly fluctu-
ates during the measurements and has a small offset (~1.5 A) to the emission wavelength
(656.27 nm). The steadiness is experimentally directly linked to the plasma stability. Experi-
ments with large amounts of H>O lead to noticeable less stable operation. Figure 9-5b shows
this effect for the C> emission lines in the 510-520 nm range. As a result, the Boltzmann plot
leads to less accurate results.

Fitting the C., emission lines in the 480-520 nm range with PGOPHER requires a measured
instrument function for the spectrometer system. Figure 9-6 shows the spectra obtained and
generated to create the instrument function necessary for the intensity correction. Smoothing
is applied to remove artifacts. Figure 9-6a shows the high sensitivity of spectrometer and de-
tector in the visible range (350-650 nm), while UV and wavelengths >650 nm are detected
with lower sensitivity. The grating is blazed for 400 nm, meaning that the detection efficiency
will decrease towards shorter and longer wavelengths. Similarly, the response for the PMT is
also the highest for 400 nm. The molecular lines used for temperature determination are de-
tected with different efficiency (Figure 9-6b). The region of the OH emission lines (300-320 nm)
is detected inefficiently and signal below 300 nm are measured with large error only. The region
for Cz (480-520 nm) shows significantly higher sensitivity.
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Figure 9-6: a) Comparison of a reference spectrum (measured at the PTB Braunschweig) and the meas-
ured spectrum of the employed spectrometer system. b) The generated instrument function (i.e., the
spectral sensitivity) before and after smoothing.

The spectral resolution of the spectrometer system is detected with a Hg/Ar light source (LOT
QuantumDesign). Figure 9-7 displays the corresponding emission spectra of the lamp with the
spectrometer operated with a 40 um slit width. In Figure 9-7a, the full emission spectrum is
shown in the range of 200—600 nm indicating several atomic lines which can be assigned to
Hg. The highest intensity line in Figure 9-7b at ~435 nm is then used to estimate the instrument
broadening by using a Gauss fit. The Lorentzian broadening of Hg is negligibly small (<1 pm)
and can be neglected. Hence, the instrument broadening is determined as ~0.03 nm.

a) b)
-1.24{ Hg/Ar lamp spectrum =51
2 >
~ ~ =4
Q
o -0.9- o
s 5}
° = -3
o
> >
= -0.6
S =
o \ =
0.3 o L. -1
T T T 0- T T T
200 300 400 500 600 435.4 435.5 435.6
Wavelength / nm Wavelength / nm

Figure 9-7: a) Emission spectrum of a Hg/Ar light source in the 200-600 nm range. b) Main Hg emission
line at ~435 nm.

9.3.2 Details on the temperature determination from OES

As described in Section 2.4.1.1, two different approaches are used to obtain values for the
rotational temperature (T.t). In one case, the Boltzmann plot method is employed for both C»
and OH emission while the obtained temperatures are only validated for C, with fitting against
simulations. For C, the P; branch (every line is a triplet) of lines near the 0—0 band is used,
while for OH the Qs branch near 0-0 is employed. To understand in the following the simplified
formula used for analyzing the C> emission, first a new formulism has to be introduced. The
transition probability for spontaneous emission (Anm, see Eq. 2-4) can be rewritten in different
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forms which introduces one parameter known as Honl-London factor (Shm). The factor de-
scribes the intensity variation for different rotational lines. After including it and neglecting other
influences, the relationship in Eq. 9-1 can be obtained.

E
lom < Spm €Xp [ n/kB Trot] Eq. 91

Putting in a formalism for the specific P branch transitions instead of Snm, rearranging, convert-
ing units, and assuming that the energy term can be described by the rigid rotor model, leads
to the formula given as Eq. 9-2 presented in the work of Alder et al [213].

lom (K”+1) N B,hc
s (W) > const — o Tog,cioy 1 (K1) Ea.92

K" is the rotational quantum number of the excited state, which in case for the lines analyzed
in this thesis are K" = 24-44. B, is the related molecular constant for the corresponding state
(d®MNg, v=0, B, = 1.7455695 cm™ [214]). The value defined as constant includes a depend-
ence of the frequency or wavelength of each transition. As long as lines are analyzed for a
small bandwidth only (here 3 nm, relative error less than 2 %) this constancy assumption holds
and the wavenumber dependence can be neglected. This equation can be further simplified
by combining the rotational quantum numbers and all the constants according to the formalism
of Jimenez et al. [41] in which B equals K" (K"™+1) and A is the corresponding factor in the
argument of the logarithm on the left side.

/ 1.09
log (Z) =const. — T B Eq. 9-3
rot

The OH emission was analyzed using data and formalism from literature [187, 215, 216] which
originates from the work of Dieke et al. [188]. The used formalism is shown in Eq. 9-4 and is
similar to Eq. 2-5 in Section 2.4.1.1.

—E.h C)

C
I —aA  h— ex (
nm nm p kB Trot

Eq. 94
Ao a

a is a constant for Hund’s cases a) or b), Anm is the emission wavelength. Rearranging this
equation and combining constants leads to a simplified version (Eqg. 9-5).

0.625
Trot

I A
Iog( am ”m) =const. — E, Eq. 9-5

Anm

9.3.1 Limitation of hydrogen concentration measurements

With the obtained instrument function and estimated temperature values, the electron density
can be calculated from the Hg line. The lower limit of electron densities required to obtain suf-
ficient line broadening is usually assumed to be 10" m=[217]. Here, the formalism described
in the work of Remigy and coworkers [218] is employed to calculate an expected FWHM for
the Hg line similar to the strategy presented by Laux et al. [153]. In this specific formulism by
Remigy, the overall lineshape of the Hg line is described as a convolution of several broadening
mechanism. These include the instrument broadening, Doppler broadening, Van der Waals
broadening, and Stark broadening. Resonance broadening and natural lifetime broadening are
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neglected as they are much smaller than the other broadening mechanisms. The calculation
of the different broadening mechanisms requires an input for the conditions of the experiments.
For the Van der Waals and Doppler broadening a temperature of 3000 K and partial pressure
of ~950 kPa for Ar (neglecting other perturbers) is assumed. Figure 9-8 showcases the varia-
tion for the FWHM of the Hg line as a function of electron density for the given assumptions of
temperatures and partial pressures. As additional simplification, the increase in electron den-
sity is assumed to have no impact on the broadening mechanisms other than Stark broaden-
ing. The figure shows that the instrument broadening is the largest contribution to the overall
line broadening up to electron densities of ~6x10'® m=3. Furthermore, the equations used for
describing the Stark broadening originate from interpolating tabulated data, e.g., the table of
Gigosos et al. [219] for electron densities in the range of 10°°~10%* m=3. Hence, the measured
values of ~49 pm of FWHM for the Hg line are deemed too small for a reliable electron density
determination.
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1—— Doppler broadening
T VdW broadening
13— Stark broadening

g Complete FWHM
= 0.14
I ]
A =
0.001 T T T
1018 1019 1020 1021 1022

Electron density / m™

Figure 9-8: Expected FWHM calculated from the formulism presented by Remigy et al. [218]
based on the experimental conditions (Tg= 3000 K and par = 950 kPa ) in dependence of the
electron density.

9.4 Discussion on quantitative differences particle composition between
Cases 2and 8

Comparing by TGA the cases in Sections 5 and 6 in which 190 sccm of C2H4 as reactant are
used reveals that the sample in Section 6 is richer in FLG. Hence, all samples prepared in
Section 6 with the addition of different oxygen carriers are also richer in FLG compared to their
Section 5 counterparts in which H,O was added. Still, the same qualitative trends are ob-
served, i.e., a specific amount of oxygen carrier (2:1.5) needs to be added to reach or go below
a similar specific threshold of carbon concentration to prevent growth of soot-like particles.
However, it needs to be answered where the differences between the samples prepared in
both sections originate from. The kinetics simulations revealed that the synthesis seems to be
kinetically controlled because variations of the residence time influence the expected stable
species concentrations at the end of the reactor. It implies that the flow rate of gases through
the reactor affects the experimental outcome. As the experiments in Sections 5 and 6 are per-
formed a reasonable time apart, unaccounted/noticed changes in a MFC calibration might lead
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to different results. To check whether this hypothesis is true, another experiment was per-
formed in which the flow rate through the central nozzle was reduced by an arbitrary value of
0.5 sIm. To put the altered flowrate into more context, the overall flowrate through the central
nozzle is 5.19 sim, so a reduction of 0.5 sim accounts to a relative change of less than 10 %.
The comparison between these three samples by TGA (DTG) and Raman is shown in Figure
9-9.
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Figure 9-9: Comparison of samples prepared with 190 sccm of C2H4 presented in Sections 5 and 6, and
with an adjusted flowrate following Section 6. a) shows DTG plots obtained by TGA and b) refers to
Raman measurements.

The DTG plots reveal that artificially reducing the flowrate through the central nozzle influences
the composition of the generated nanocarbons. Compared to the sample generated in Section
6, the adjusted sample quantitatively shows a smaller fraction of FLG and is in relation richer
in soot-like/graphitic particles. It does not fully reproduce the sample described in Section 5
but becomes comparable. Similarly, to the DTG results, Raman spectroscopy also shows
changes in the obtained spectra. The 2D band intensity of the Section 6 (adjusted) sample
becomes smaller and the D-band intensity increases. Therefore, relative changes can be ob-
served, albeit they do not fully reproduce the Section 5 sample. To confirm that the experi-
mental impact of oxygen discussed in Section 5 can still be observed, experiments with H>O
addition are compared by TGA in Figure 9-10. The cases refer to the experimental conditions
described in Table 5-1. The relative mass changes displayed in Figure 9-10a show a slight shift
of the mass loss to larger temperatures. Such shift translates into a decreasing oxidation peak
(~630 °C) indicative for the presence of soot-like particles in Figure 9-10b. Similarly, the CO2»
formation measured by QMS also shows a narrowing towards a single peak representing FLG.
Comparing the measured lines in DTG and QMS to the observed measurements in Section 5,
shows that the new samples are richer in FLG and more comparable to the composition ob-
served in Section 6. Case 5 shows a clear presence of soot-like particles while for Case 6 and
7 the resolution limit of the method is reached and only qualitative estimations are possible.
Thus, the trends are qualitatively reproduced and the addition of H.O leads to more FLG-rich
carbon particle mixtures.

As a consequence, the discussed criteria in terms of carbon concentration and specific C/O
ratios need to be expanded to more precisely define reaction conditions including the residence
time or flowrate.
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Figure 9-10: TGA results obtained from new samples reproducing the addition of H.O to CzH4
in Section 5. a) Mass variation, b) Corresponding DTG data, ¢c) QMS signal for CO, (m/z = 44).

9.5 Additional material on section 5

The following subsections include r more analysis or simulation results which are not already
presented in the main body of the thesis. For Section 5 the additional results include the meas-
ured TGA QMS data, XPS measurements on the generated powders, Chemkin simulation re-
sults for the equilibrium gas compositions and the not already shown gas species profiles.

9.5.1 Hydrogen addition as reactant

Some of the kinetics simulations (Figure 5-16) in Section 5.4 suggest that the addition of H>
has little effect on the growth of carbon particles. To validate this result for the given experi-
mental conditions, experiments are performed in which the H2/CzH4 ratio is increased to six
and seven by the introduction of additional 190 and 380 sccm of Hz through the central nozzle.
TGA and Raman results are displayed in Figure 9-11. The results have to be referenced to
Case 1 in Section 6 which shows a lower relative fraction of soot-like particles compared to the
same sample in Section 5. Both the DTG and QMS in Figure 9-11a and b show a multipeak
structure which indicates the presence of different forms of carbon particles. Similarly, the Ra-
man spectra in Figure 9-11c show a low 2D band intensity while a shoulder at ~1250 cm~" can
be identified. Both results are indicative for the presence of soot-like particles, confirming the
expectation based on the kinetic simulation that H, is not as effective as H20 in suppressing
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soot-like particle formation. Comparing the TGA results between the addition of both H;
flowrates shows that there is little quantitative difference between the samples in terms of their
composition of different oxidizable carbon phases.
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Figure 9-11: In a) and b) TGA results are whom while c) displays Raman results. Results are obtained
for carbon particles gathered from experimental conditions in which additional Hz is introduced into the
central nozzle.

For additional confirmation, particle samples are analyzed with TEM. Figure 9-12 depicts ex-
amples of images when either 190 (Figure 9-12a and b) or 380 sccm (Figure 9-12c and d) of
H, is added to C;H4. For both samples, blue arrows highlight non-FLG carbon particles.
Soot-like particles are observed in both cases confirming the result by TGA and Raman.
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Figure 9-12: TEM images of samples which are prepared by the addition of either 190 (a, b) or
380 sccm of hydrogen (c, d). Carbon particle structures other than FLG are indicated with blue
arrows.
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9.5.2 Complete set of measured TGA QMS data
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Figure 9-13: QMS measurements simultaneously obtained during the TGA measurements for Cases 1—
7. The evolution of the m/z = 44 signal (COz2) shows similar trends compared to the DTG plots; thus, it
is also employed to distinguish between different carbon particle types.

9.5.3 XPS measurements performed on Cases 1-7

Figure 9-14 displays XPS measurements for powders collected from the experimental Cases
1-7. For each case as survey scan and the fitted C+s region is shown. The fits include two
carbon particle types that possess a different sp?/sp? ratio i.e., FLG or soot-like particles. It is
known that sp?- and sp®-hybridized carbon bonds possess different binding energies [220].
Additionally, sp?-carbon lines are typically asymmetric while sp3-carbon ones are symmetric
[142, 221]. FLG and soot-like particles contain a mixture of both hybridizations. The mixture
(“sp?-to-sp? ratio”) will be characteristic for the specific nanostructure i.e., FLG will be richer in
sp?-carbon compared to the soot-like particles (previous work based on the analysis of the
CkxL Auger peak suggest that the FLG materials are >90 % sp?-hybridized [171]). Therefore,
for cases where the samples only contain either pure FLG or pure soot-like particles, the line-
shape for the respective nanostructure can be defined and used to distinguish between both
types of materials in a mixture of both carbon allotropes. The lineshapes for the different carbon
particle types are taken from the thesis of Miinzer [35]. As a requirement, it is assumed that
the FLG and soot-like particles do not change their microstructural properties within the per-
formed set of experiments. Furthermore, this approach neglects the presence of graphitic par-
ticles present for Case 2, which may show similar amounts of sp2-hybridization compared to
FLG.
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Figure 9-14: XPS measurements showing a survey scan and a high-resolution scan of the Cs
region of samples prepared by the Cases 1-7.

The results suggest different contents of FLG or soot-like particles depending on the specific
experimental case. Overall, the fits can reproduce the other analysis results by e.g., TGA,
Raman, and TEM.
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9.5.4 Simulation of chemical equilibrium compositions and gas species profiles
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Figure 9-15: Temperature-dependent gas composition in chemical equilibrium for the addition
of ethanol to the Ar + H; plasma
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Figure 9-16: Temperature-dependent gas composition in chemical equilibrium for the addition of C2Ha4
into the plasma for a C/O ratio of «.
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Figure 9-17: Temperature-dependent gas composition in chemical equilibrium for the addition of H20 or
H20 and C2zH4 (Case 7 equivalent C/O = 1.33:1) to the Ar/Hz plasma.

Figure 9-18 presents the computed species spatial profiles of all cases that are not shown in
the main text. A consistent pattern of hydrocarbon species profiles is observed across different
test cases.
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Figure 9-18. Computed gas species profiles for the experimental Cases 3—7. For better visibility, only a
limited number of species is shown.
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9.6 Additional material on Section 6

The following subsections include more analysis or simulation results which are not already
presented in the main body of the thesis. For Section 6 at first the Chemkin simulations for the
equilibrium gas composition when adding Oz, N20O, or CO2 (with and without ethylene) into the
plasma are presented. Furthermore, gas species profiles for Cases 9-16 are shown. After-
wards qualitative TEM images for all experimental cases are shown, as the main body of the
thesis only displays selected examples. TEM images are followed up by exact numerical val-
ues obtained from the GC/MS validation measurements which are only presented as a figure
(Figure 6-2) in the main text. Next all of Cases 8—16 measured Raman spectra are displayed
and the analysis result on peak ratios, linewidths, and FWHM are tabulated. At the end of the
section, all recorded TGA results and the fitted XPS spectra are shown.

9.6.1 Chemkin simulations of the gas-phase species

The results for the Chemkin simulations referring to experimental Cases 9-16 are shown in
the following figures and the results are discussed separately. Case 8 is not shown again as
the result are the same as for Case 2. Figure 9-19—-Figure 9-21 display results for chemical
equilibrium calculations in which each of the oxygen carriers is added into the plasma (C/O
ratio of 0) and when C2H4 as hydrocarbon reactant is added (C/O ratio of 1.33:1 and «). The
quality of the results is limited by the thermochemical data used in the related chemistry mech-
anism because the utilized combustion mechanisms only contain a small number of species
and some of the species’ properties are estimated. As a consequence, at high temperatures
(> 6000 K), unrealistic results are observed in which, e.g., the crotonaldehyde radical (CHs—
CH=CH-CO) is stable. Comparing the results for main species to OES measurements is in
first order approximation possible.
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Figure 9-19: Chemical equilibrium calculations when using Oz as oxygen carrier. a) No carbon-contain-
ing species, b) C/O ratio = 2:1.5.
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Figure 9-20: Chemical equilibrium calculations for cases that use N20 as oxygen carrier [204].
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Figure 9-21: Chemical equilibrium calculation when using CO: as oxygen carrier [204].
The results for the Chemkin simulations referring to all experimental Cases are shown in Figure

9-22. When decreasing the C/O ratio, the concentration of CO is predicted to increase for all
oxygen carriers, while the concentration of grown free hydrocarbons (mostly acetylene) de-

creases.
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Figure 9-22: Kinetics simulations obtained with CHEMKIN for various experimental cases [204].
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9.6.2 TEMimages of all discussed experimental cases

In the main body of this work, only TEM images of a few selected samples are shown. Thus,

Figure 9-23 additionally presents an overview of the type of carbon nanoparticle mixtures col-
lected for Cases 8—16.

Case 11
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Figure 9-23: TEM images of prepared samples harvested for Cases 8—16 [204].

9.6.3 GC/MS validation measurements of the effluent gas composition

Table 9-1 shows the exact numerical values for the GC/MS validation measurements which
are compared to the gas kinetics simulations of Section 6.2. Overall, the relative error between
the simulation predicted and GC/MS measured concentrations for CO and CzH: is at most
~25 % for all the considered experimental cases. The concentration of CoHs is always under-
predicted by a factor of ~2-3.

Table 9-1: Comparison of measured and simulated concentrations of CO, C2Hz, and C2H4 at the meas-
urement position at HAN = 0.8 m with a local temperature of T < 500 K [204].

Simulation / ppm Experiment / ppm
Species Case 8 Case Case Case Case 8 Case Case Case
11 14 16 1 14 16
coO 0 7803 7773 15546 ~0 ~9600 ~8500 ~15300

CaH2 4794 1239 772 1234 ~4263 ~1318 ~750 ~1477
CaHq 38 36 34 36 ~105 ~94 ~75 ~94
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9.6.4 Raman spectra obtained from synthesis and their analysis

The Raman spectra of all experimental cases are shown in Figure 9-24. The spectra were
fitted and analyzed based on their respective peak ratios and widths. For the fitting procedure,
the region of the D and G peak (1150—1700 cm™") was either fitted by five or three peaks de-
pend on how well the fitted performed, but it was only qualitatively evaluated. For the five-peak
fit, the strategy of Sadezky et al. was followed [119]. A summary for these results is shown in
Table 9-2.
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Figure 9-24: Raman spectra measured of materials prepared by Cases 8—16 [204].

The results displayed in Table 9-2 show how the material properties change when the C/O ratio
is decreased. For their calculation, the average of the two measurements displayed in Figure
9-24 for each case were used. It can be observed in Figure 9-24 that, on average, the 2D peak
intensity increases with decreasing C/O ratio. Therefore, the Azpsc ratio, determined by the fits,
increases.

Table 9-2: Results obtained for fitting the Raman spectra displayed in Figure 9-24 [204]

Sample FWHMe FWHM2p Aopic Abic
Case 8 ~37 ~61 ~1.5 ~0.9
Case 9 ~32 ~56 ~1.8 ~0.7
Case 10 ~36 ~58 ~1.7 ~0.7
Case 11 ~35 ~55 ~2 ~0.6
Case 12 ~33 ~58 ~1.8 ~0.7
Case 13 ~34 ~59 ~1.9 ~0.7
Case 14 ~32 ~56 ~1.9 ~0.7
Case 15 ~35 ~59 ~1.7 ~0.7
Case 16 ~31 ~58 ~2 ~0.7
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9.6.5 TGA measurement results for Cases 8-16
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Figure 9-25: TG measurements performed for all the experiment Cases 8—-16.TG and DTG data is shown

in the top for each Case, while the corresponding QMS measurements are shown below.

9.6.6 XPS measurements of the synthesized nanopowders

The XPS spectra measured for the nanomaterials prepared by different cases are shown in
Figure 9-26. For the analysis of the C1s high-resolution scans, five different components were
chosen, while the O+s region is only described by two components. The lines used for the
analysis of the Css region include two different lineshapes located at the same binding energy
to describe two different carbon nanostructures (FLG and soot-like particles), C-O and C=0
bonds, and the m-1m* transition. The use of two different lineshapes to describe the carbon
nanostructure is justified by the difference between sp?- and sp*-bonded carbon in XPS.
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Figure 9-26: XPS measurements of sample prepared for Cases 8-16. For each Case the survey scan
and the high-resolution scans of the C1s and O+s region are shown [204].

The fit suggests that most samples contain a small fraction of soot-like particles, and only
Cases 11 and 14 did not show the presence of a secondary phase confirming qualitatively the
results by TEM and TGA. However, for Case 8, the fraction of soot-like particles is small com-
pared to the quantitative TG results. The small fraction of soot-like particles may be caused by

the limited probe volume which may not fully represent the sample, as observed from time to
time in the Raman measurements.
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