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Abstract

Graphene and its derivatives possess exceptional electrical, mechanical, and thermal properties, which enable the
use of these materialsin numerous existing and emerging applications. Accordingly, large-scale graphene produc-
tion is needed to fulfill the expected demand for this material. However, the current examples of graphene mass
fabrication through top-down scalable approaches, e.g., liquid-phase exfoliation and chemical graphene oxide re-
duction, are incapable of consistently producing graphene at the quality levels needed to exploit its unique prop-
erties in applications.

Gas-phase microwave-assisted synthesis of free-standing few-layer graphene is a promising technique for
the economical production of high-quality material. The gas-phase approach makes the method continuous, scal-
able, and highly tunable. However, little is known about the underlying physical and chemical processes, e.g., the
kinetics of graphene formation and growth or the flakes morphology in the aerosol phase. This information is
required to characterize and optimize production. Currently, the synthesis parameters are usually found empiri-
cally, through a combination of trial-and-error parametric studies and ex situz materials characterization, which
istime-consuming and often intrusive. There isa corresponding need to develop measurement tools that can help
to build a fundamental understanding of the synthesis process, monitor the quality of produced graphene in situ,
and ultimately find ways to increase yield while maintaining graphene high quality. On the other hand, the in-
creasing production rates of graphene aerosols lead to occupational exposure and potential adverse health effects.
Hence, reliable aerosol morphology characterization is critical to the regulation of graphene aerosol production
and handling.

This thesis seeks to deploy laser-optical in situ diagnostics to assess the aforementioned challenges. Time-
resolved laser-induced incandescence (TiRe-LII) technique is applied to graphene aerosols for the first time to
measure the graphene volume fraction and specific surface area in situ. Moreover, the TiRe-LII enables distin-
guishing between graphene flakes and soot particles, which are often formed during the synthesisas the undesired
by-product. Fourier-transform infrared (FTIR) absorption spectroscopy is used as an 7n situ line-of-sight tech-
nique to measure gaseous species involved in graphene synthesis. The laser-optical diagnostics were comple-
mented with chemical kinetics simulations and mass spectrometry measurements to reveal the factors playing a
major role in graphene formation kinetics. Additionally, the optical properties and morphology of synthesized
graphene flakes were characterized using aerosol diagnostics and numerical simulations. Consequently, the con-
nection between the graphene morphology and optical properties was established, and the spectroscopic model of

crumpled graphene flakes was developed.
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Zusammenfassung

Graphen und seine Derivate verfiigen tber aufergewohnliche elektrische, mechanische und thermische
Eigenschaften, die den Einsatz dieser Materialien in zahlreichen bestehenden und neuen Anwendungen
ermoglichen. Um die erwartet steigende Nachfrage nach diesen Materialien zu decken, werden Verfahren fir die
Graphenproduktion in grofem Mafistab benotigt. Die derzeitigen Beispiele fiir die Massenherstellung von
Graphen durch skalierbare Top-Down-Verfahren, z. B. Flissigphasen-Exfoliation und chemische Graphenoxid-
Reduktion, sind momentan nicht in der Lage Graphen durchgingig in der benétigten Qualitat herzustellen, um
seine einzigartigen Eigenschaften in Anwendungen zu nutzen.

Die mikrowellenunterstiitzte Gasphasensynthese von freistehendem mehrlagigem Graphen ist ein
vielversprechendes Verfahren fiir die wirtschaftliche Herstellung von hochwertigem Material. Der
Gasphasenansatz erlaubt es die Synthese kontinuierlich, skalierbar und einfach adaptierbar zu betreiben. Uber
die zugrundeliegenden physikalischen und chemischen Prozesse, z. B. die Kinetik der Graphenbildung und des
Wachstums oder die Morphologie der Flocken in der Aerosolphase, ist jedoch nur wenig bekannt. Diese
Informationen werden benétigt, um die Herstellung zu charakterisieren und zu optimieren. Gegenwartig werden
die Syntheseparameter in der Regel empirisch anhand von parametrischen Studien und Ex-situ-
Materialcharakterisierung ermittelt, was sehr zeitaufwandig ist und oft mit intrusiven Messverfahren erfolgt.
Dementsprechend besteht ein Bedarf an der Entwicklung von alternativen Messtechniken, die dazu beitragen
konnen, ein grundlegendes Verstindnis des Syntheseprozesses zu entwickeln, die Qualitit des hergestellten
Graphens in situ zu tiberwachen und schlieftlich Wege zu finden, die Ausbeute zu erhohen und gleichzeitig die
hohe Qualitit des Graphens zu erhalten. Andererseits fithren die steigenden Produktionsraten von Graphen-
Aerosolen zu einer Arbeitsplatzexposition mit potenziellen negativen Auswirkungen auf die Gesundheit. Daher
ist eine zuverlassige Charakterisierung der Aerosolmorphologie von entscheidender Bedeutung fir die
Regulierung der Graphen-Aerosolproduktion und -handhabung.

In dieser Arbeit wird versucht, laseroptische In-situ-Diagnostik einzusetzen, um Teile der oben genannten
Herausforderungen zu l9sen Die zeitaufgeloste laserinduzierte Inkandeszenztechnik (TiRe-LII) wird zum ersten
Mal auf Graphen-Aerosole angewandt, um den Graphen-Volumenanteil und die spezifische Oberfliche in situ zu
messen. Dartiber hinaus ermdglicht die TiRe-LII-Technik die Unterscheidung zwischen Graphenflocken und
Rufpartikeln, die bei der Synthese hiufig als unerwiinschtes Nebenprodukt entstehen. Die Fourier-
Transformations-Infrarot-Absorptionsspektroskopie (FTIR) wird als In-situ-Sichtlinienverfahren zur Messung
der an der Graphen-Synthese beteiligten gasférmigen Spezies eingesetzt. Die laseroptische Diagnostik wurde
durch chemisch-kinetische Simulationen und massenspektrometrische Messungen erginzt, um die Faktoren
aufzudecken,die bei der Kinetik der Graphenbildung eine wichtige Rolle spielen. Zusitzlich wurden die optischen
Eigenschaften und die Morphologie der synthetisierten Graphenflocken durch Aerosoldiagnostik und

numerische Simulationen charakterisiert. Infolgedessen wurde der Zusammenhang zwischen der
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Graphenmorphologie und den optischen Eigenschaften hergestellt und das spektroskopische Modell der

gekniillten Graphenflocken entwickelt.
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Nomenclature

This section lists the symbolsand abbreviations used in the thesis. Where applicable, chapter restrictions are men-

tioned.

Symbols

Symbol

Description

Acond
Ay

o

Cvalue
Ghe
dn

dp,eff
v
AHy

Hm,)
B
Fo
ty

&

Surface area available for conductive heat transfer
Spectral absorbance

Thermal accommodation coefficient
Einstein coefficient

Aerosol spectral absorption coefficient
Aerosol spectral extinction coefficient
Speed of light in vacuum

Spectral absorption cross-section
Spectral extinction cross-section
Mean thermal speed of the gas molecules
Specific heat capacity

Spectral scattering cross-section

Mean thermal speed of the vapor
Multiple scattering correction factor
Aerodynamic diameter

Mobility diameter

Particle diameter

Nanoparticle effective diameter
Volume equivalent diameter

Molar heat of vaporization
Elementary charge

Absorption function

Lower state energy

Laser fluence

Nanoparticle volume fraction

Lower-state statistical weight (degeneracy)
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G

h

I(Chapter 4)
I, (Chapter 6)
Lo (Chapter 6)
i

5t

Vs

ks

Kn

Ky

<L>
L(Chapter 5)
L(Chapter 6)

abs
{eond
Gevap
Qrad,
Qext,/l
Qs i

Setup-specific parameter accounting for detector geometry and efficiency
Planck constant

Aerosol current

Transmitted light intensity

Incidentlight intensity

Spectral incandescence intensity
Experimental spectral incandescence intensity
Modeled spectral incandescence intensity
Boltzmann constant

Knudsen number

Spectral absorption coefficient

Mean flake lateral size

Flake characteristic length

Total absorption path

Wavelength

Mean free path in the gas

Laser wavelength

CPMA mass setpoint

Complex refractive index

Particle mass concentration

Species mass-to-charge ratio

Mass concentration of the uncharged particles
Nanoparticle mass

Vapor molar mass

Vapor species mass

Mean layer number

Gas species concentration

Incident number flux of gas molecules per elementary area
Molecular number density

Index of refraction

Wavenumber

Gas pressure

Vapor pressure

Energy absorption rate

Conduction cooling rate

Evaporation cooling rate

Radiation cooling rate

Spectral extinction efficiency

Spectral absorption efficiency
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Qsca,l

Spectral scattering efficiency

Quample Sample gas flow

Qneath Sheath gas flow

Ry Mobility diameter resolution

R, Aerodynamic diameter resolution

Yo, Nanoparticle material density

o Standard deviation or standard deviation of the mean
t Time

T; Gas temperature

T Nanoparticle temperature

Treax Nanoparticle peak temperature

Uit Internal energy of the particle

Crot Number of rotational degrees of freedom
Abbreviations

Abbreviation Description

2D Two-dimensional

AAC Aerodynamic aerosol classifier

AAE Absorption Angstrém exponent

AL Alveolar region

BET Brunauer-Emmett-Teller

CAPS PMgsa Cavity attenuation phase-shift particulate matter single scattering albedo monitor
CCD Charge-coupled device

CEM Controlled evaporation and mixing
CERMS CPMA-electrometer reference mass system
CMD Count median diameter

CPC Condensation particle counter

CPMA Centrifugal particle mass analyzer

CvD Chemical vapor deposition

DDA Discrete dipole approximation

DF Deposition fraction

DMA Differential mobility analyzer

EM Electromagnetic

FCAE Faraday-cup aerosol electrometer

Musikhin, 2022

Xix

Nomenclature



FLG
FTIR
FWHM
GSD
HA
HAN
HEPA
IR

ISO

IVG
LB,UB
LDLS
LIBS
LOSA
MA
MAC
MCP
MEC
ND
Nd:YAG
NRC
OES
PAH
PDF
PMT
ppm
QMS
RDG
RDG-FA
rGO
SBA
scem
SEM
slm
SMPS
SSA (Chapter 4)
SSA (Chapter 5)
TAC

TB

Few-layer graphene

Fourier-transform infrared (spectroscopy)
Full-width at half of maximum
Geometric standard deviation

Head airways

Height above the nozzle

High efficiency particulate air

Infrared

International organization for standardization
Institute for combustion and gas dynamics
Lower bound, Upper bound

Laser-driven light source

Laser-induced breakdown spectroscopy
Line-of-sight attenuation

Multi-alkali photocathode

Mass absorption cross-section
Micro-channel plate

Mass extinction cross-section

Neutral density

Neodymium-doped yttrium aluminium garnet
National Research Council Canada
Optical emission spectroscopy
Polycyclicaromatic hydrocarbons
Probability density function
Photomultiplier tube

Parts per million

Quadrupole mass spectrometer
Rayleigh-Debye-Gans
Rayleigh-Debye-Gans fractal-aggregate
Reduced graphene oxide

Super bi-alkali photocathode

Standard cubic centimeter

Scanning electron microscope

Standard liters per minute

Scanning mobility particle sizer

Single scattering albedo

Specific surface area

Thermal accommodation coefficient

Tracheobronchial region
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TEM
TiRe-LII
UDAC
UDE
UV-Vis
uw
XPS

Transmission electron microscopy
Time-resolved laser-induced incandescence
Unipolar diffusion aerosol charger
University of Duisburg-Essen
Ultraviolet-visible

University of Waterloo

X-ray photoelectron spectroscopy
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Chapter 1
Introduction

Graphene, the carbon-based two-dimensional (2D) material, has gained a lot of attention in the last two decades,
mainly after the study of Novoselovand Geim in 2004 [1], who derived the freestanding single-layer graphene and
experimentally described its unique electrical properties, for which they received the Nobel prize in 2010. Since
then, it has been demonstrated that graphene and its derivatives, e.g., few-layer graphene (FLG), also possess ex-
ceptional optical, mechanical, and thermal properties that can be utilized in numerous applications[2-9]. Accord-
ingly, to fulfill the quickly growing demand for graphene materials, large-scale production is needed [10].

The current examples of graphene mass fabrication typically exploit traditional top-down approaches, e.g.,
liquid-phase exfoliation and graphene oxide reduction, which are scalable but incapable of consistently produc-
ing graphene at the quality levels needed to exploit its unique properties in applications [6,10,11]. A different ap-
proach is the bottom-up gas-phase synthesis. Gas-phase synthesis is a continuous process, which makes it easily
scalable and reduces quality variability from batch to batch. Moreover, the bottom-up approach allows thorough
control of the synthesis parameters, such as the choice and concentration of a precursor, temperature history, and
bath-gas conditions. Hence, the process can be tuned to achieve desired product characteristics.

This dissertation focuses on the gas-phase microwave-assisted synthesis of graphene. In it, microwave radi-
ation is used to induce plasma, which dissociates the gaseous carbon-containing precursor into fragments. These
fragments then experience rapid cooling downstream of the hot plasma region and re-assemble into graphene
flakes. The method was shown to consistently produce high-quality FLG flakes [12].

Complex physical and chemical processes underly the gas-phase synthesis of graphene, which are not fully
understood yet: precursor decomposition, initial graphene formation from the gas-phase building blocks, conse-
quent flakes growth, and changes of morphology in the aerosol phase. Understanding these processes would allow
for more precise production control and process optimization, e.g., increased yield. A traditional way to investi-
gate the gas-phase synthesis of graphene is through a trial-and-error approach, when certain process parameters
are varied and the produced materials are collected and characterized ex situ, for example, using electron micros-
copy or Raman spectroscopy. Such an approach, however, is time-consuming and disregards the intermediate syn-
thesis steps, which define the final graphene morphology and properties.

There is a corresponding need to develop in situ diagnostics that can provide spatially- and temporally-re-
solved data on graphene gas-phase synthesis, e.g., temperature history, stable and intermediate species distribu-
tions, and physicochemical properties of graphene. Advanced understanding of graphene gas-phase formation
and availability of 7n situ diagnostic tools are vital to enhancing production rates and will lead to the improved
commercial viability of graphene-related materials. This thesis deploys two laser-optical in situ diagnostics that
can fulfill the aforementioned needs: time-resolved laser-induced incandescence (TiRe-LII) and Fourier-trans-

form infrared (FTIR) absorption spectroscopy.
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TiRe-LII technique is commonly used to measure nanoparticle aerosol volume fraction, size distribution,
and several thermophysical parameters. This method typically deploys nanosecond laser pulses to heat the aero-
sol, so the nanoparticles start to emit thermal radiation, i.e., incandesce. The time-resolved incandescence signals
atasingle or at multiple wavelengths are detected using photomultiplier tubes or a streak camera and analyzed to
yield the quantities of interest. Interpreting the TiRe-LII signals requires a theoretical description of the nanopar-
ticle heating by laser energy absorption and subsequent cooling mechanisms. No TiRe-LII theoretical models and
experiments on graphene aerosols were reported before this work.

FTIR absorption spectroscopy allows for identifying and quantifying of IR-absorbing species. The method
involves an IR-light source that shines radiation through a sample at multiple frequencies simultaneously using
a Michelsen interferometer. Different functional groups that are present in the sample absorb IR radiation at fre-
quencies that induce their characteristic rovibrational states and hence, different transmission spectra are pro-
duced, which are recorded with an IR detector. In this work, FTIR absorption is applied in situ as a line-of-sight
technique. That is, the IR beam is guided through the reactor, where graphene and multiple intermediate and sta-
ble gaseous by-products are formed, thus providing information on the process kinetics.

The goal of this work is to advance the fundamental understanding of graphene gas-phase microwave-
plasma synthesis and reveal factors playing a major role in graphene formation kinetics. This is approached by
developing diagnostics that can monitor graphene quality and measure various graphene properties and process
parameters in situ. Chapter 2 provides background for the study and outlines the research objectives. Chapter 3
describes the gas-phase microwave-plasma synthesis of freestanding graphene aerosols and provides details on the
ex situ characterization of the produced graphene powders. Chapter 4 experimentally and numerically investi-
gates the morphology and optical properties of graphene aerosols, which are required to build the theoretical
TiRe-LII model of graphene and predict its adverse health effects in the case of exposure. Chapter 5introduces the
TiRe-LII technique and demonstrates its application to measure graphene volume fraction and specific surface
area.Chapter 6 moves on with theline-of-sight FTIR absorption, which is used to measure the evolution of gaseous
by-products during graphene synthesis. Additionally, chemical kinetics simulations and mass spectrometry
measurements are presented to support the in situ diagnostics. Chapter 8 summarizes the main findings of this

work, discusses the remaining questions, and provides directions for future studies.
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Chapter 2
Background and motivation

Single-layer graphite, i.e., graphene, has been an object of research for more than 70 years [13,14], long before the
famous study by Novoselov and Geim in 2004 [1]. Some of the electrical and optical properties of a single hexago-
nal plane of graphite were theoretically predicted and explicitly described several decades ago [15]. Most of these
studies were considered purely theoretical because graphene was assumed to be too unstable to exist in the free
state. In particular, surface energy calculations indicated that the graphene monolayer should break into isolated
islands, or bend into nanotubes and fullerenes. Arguably, the first experimental evidence of graphene (oxide)
flakes was presented by Hanns-Peter Boehm at the Carbon Conference at Penn State University in 1961 [16] and
later published in Germany in 1962 [17]. However, at the time, his work did not arouse much interest. In 1986, to-
gether with his colleagues Ralph Setton and Eberhard Stumpp, Boehm introduced the term “graphene” for single-
layer graphite [18].

However, only after the Nobel prize-winning work by Novoselov and Geim [1]in 2004, the number of papers
on graphene synthesis, diagnostics, and applications in various fields started to grow exponentially [19,20]. In
their study, Novoselov and Game experimentally proved the freestanding stability of the single-layer graphene
in ambient conditions and showcased its unique electrical properties. That work shifted the perspective from gra-
phene considered to be a purely theoretical material to the applied one, thus drastically boosting further research.
What started with single-layer graphene, has since expanded into a large family of graphene-related materials,
such as bilayer and few-layer graphene, graphene nanoplatelets and nanoribbons, graphene quantum dots, gra-
phene oxide, reduced graphene oxide, multiple variants of functionalized graphene and graphene composites, etc.
A comprehensive review of the current variety of graphene-related materials is provided in Ref. [21]. This disser-
tation focuses exclusively on the gas-phase synthesis of few-layer graphene (FLG). What is arguably an even more
important consequence of the popularity of graphene, is that it paved the way for the experimental discovery and
applications of multiple other families of 2D materials, e.g., elemental layered materials from groups ITI-VI (sili-
cene, phosphorene, etc.) [22,23], transition metal dichalcogenide monolayers (MoS2, W Se,, etc.) [24], hundreds of
MZXenes [25], halide perovskites [26], and thousands of theoretically predicted layered materials [27]. The rise of
numerous new 2D materials, often with unique properties, however, does not imply the end of the graphene era,
rather that the field of 2D materials thrives and expands in multiple directions simultaneously. There's stil/
Pplenty of room at the bottom, be it graphene or any other layered material.

Graphene and its derivatives possess exceptional electrical, mechanical, and thermal properties, which ena-
ble the use of these materials in numerous existing and emerging applications. Defect-free single-layer graphene
has a theoretical surface area of 2630 m*/g, which makes it promising candidate support material for the flexible
embedding of heterogeneous catalysts [2]. Moreover, surface functionalization makes graphene a highly efficient

material for energy conversion and storage [3,4]. Suspended single-layer graphene has been reported to haveavery
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high thermal conductivity (4840-5300 W/mK) [4], which is similar to [5] or exceeding that of single-wall carbon
nanotubes [6]. The outstanding thermal conductivity of graphene suggests its use in multiple applications, e.g.,
heatsinksand heat pipesin electronics[7],and graphene-coated heating fabrics[28]. Graphene also exhibits excep-
tional mechanical properties, including an intrinsic strength up to 42 Nm *and Young’s modulus of 2.4 TPa[8,9].
Its mechanical stability, combined with its high surface-to-volume ratio and electronic properties, makes gra-
phene practical for strain, magnetic, chemical, and nanoelectromechanical sensors [29]. The unique electrical
properties of graphene make it a promising material for lithium-ion/sulfur batteries, fuel and solar cells, and su-
percapacitors[19,30]. Overall, more than 40 distinct application areas of graphene were identified in the 2020 Gra-
phene Council Survey based on 800+ respondents from commercial and academic organizations [10]. Although
thereisaconsensuson the superior features of graphene, the values of the electrical, thermal, optical,and mechan-
ical properties reported in the literature vary widely, possibly due to the strong influence of impurities and de-
fects, which highlights the importance of robust characterization of graphene materials.

Asaresult of plentiful existing and potential graphene applications, the demand for high-quality graphene
is rapidly growing. Today, at least 14 different synthesis methods exist through which graphene and its deriva-
tives, e.g., graphene oxide [31], reduced graphene oxide [32], silicon-doped [33,34], and nitrogen-doped graphene
[35], can be produced [36]. The fabrication techniques can generally be categorized into two groups: top-down (ex-
foliation [37], ball-milling [38], etc.); and bottom-up approaches (chemical vapor deposition (CVD) [39], epitaxial
growth [40], thermolysis [41], microwave plasma treatment [34,42]). Different material systems in all states of
matter have been used for graphene production: gases [34], liquids [43], and solids [44]. The most common gra-
phene production methods and their evaluation in terms of quality, cost, scalability, chemical purity, and prod-

uct yield are shown in Figure 2.1.

Mechanical exfoliation

Reduction of
graphene oxide

Liquid-phase
exfoliation

Bottom-up
synthesis

0 = None or N/A
1= Low

Chemical vapour 2 = Average
deposition 3 =High

Figure 21 Common graphene production methods. Each method has been evaluated in terms of graphene
quality (G), cost aspect (C; a low value corresponds to high cost of production), scalability (S), purity (P), and yield

(Y) of the overall production process. Reprinted from [6] with permission from “Springer Nature”.
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2.1 Commercial adoption of graphene

As of 2022, there are multiple examples of successful mass fabrication of graphene, mostly via traditional top-
down synthesis routes, e.g., graphite exfoliation and graphite oxidation-reduction. A handful of manufacturers
even report production capacities of at least a few tons per year. Some examples are NanoXplore Inc (Canada), Ne-
oGraf Solutions LLC (US), First Graphene Ltd (Australia), and SuperC Technology Ltd (China), which deploy
graphite exfoliation; Levidian Nanosystems Ltd (UK), which utilizes gas-phase methane cracking; and Sixth Ele-
ment Materials Technology Co Ltd (China) that uses graphite oxidation-reduction. However, Figure 2.1 shows
that the most scalable approaches, e.g., liquid-phase exfoliation and reduction of graphene oxide, are currently
incapable of producing the levels of purity needed to exploit the unique properties of graphene in many emerging
applications. A 2018 study by Kauling et al. [11] assessed commercially-available graphene samples from more
than 60 companies using a systematic reliable protocol. They found that most of the graphene samples were, in
fact, graphite microplatelets,and unsuitable for many applications due to their poor quality. The study concluded
that “there is almost no high-quality graphene, as defined by ISO, in the market yet”. Another benchmarking
study from 2019 by Kovtun et al. [45] analyzed 11 graphene samples produced by exfoliation and available on the
European market on at least at kilograms scale. They found that the samples demonstrated either a high degree of
surface quality (high carbon sp” content) or high specific surface area (small number of layers), but not both. The
authors concluded that “production of high-quality graphene, even if possible at lab scale, still represent a major
industrial challenge”.

According to the 2020 Graphene Council Survey [10], the top three obstacles to graphene commercial adop-
tion are high cost (or rather the perception of such by non-experts), lack of industrial-scale production, and incon-
sistency in material quality from batch to batch. The definition of “graphene quality”is not strict, as the graphene
material thatisinappropriate for one application may be sufficient for another. Thus, it isnot graphene “low qual-
ity” per se but rather the lack of or deviation from the characteristics stated on a batch, which leads to graphene's
poor performance in a specific application and intimidates potential end-users. Therefore, to facilitate commer-
cial adoption of graphene and encourage the development of new graphene applications, first, scalable and low-
cost synthesis approaches must be developed. Second, given the range of graphene materials with different char-
acteristics and reproducibility issues, international standards on definitions and properties characterization for
graphene and related materials must be established.

Regarding graphene regulations and standardization, although still lagging, significant efforts have been
undergoing in the last five years. Only recently,in 2017, the International Organization for Standardization (ISO)
launched the first nomenclature for graphene and related 2D materials [46]. According to ISO’s definitions, gra-
phene is a single layer of carbon atoms, bilayer graphene is a stack of two well-defined layers, and few-layer gra-
pheneisastack of 3-10 graphene layers at room temperature. The procedure of structural characterization of gra-
phene from powders and liquid dispersions was standardized by ISO only in 2021 [47]. Furthermore, in 2021, the
Graphene Council (the global community for graphene professionals and companies) developed the Graphene
Classification Framework, which builds on the existing ISO standards and suggests a method of classifying and
comparing any form of graphene through the use of 19 main graphene characteristics [36]. Currently, the Gra-
phene Flagship initiative runs 35 projects in the combined European Union’s effort to standardize the character-

ization of graphene materials'structural and electrical properties [48,49]. The graphene materials produced in the

Musikhin, 2022 5 Chapter 2



context of this thesis are extensively characterized following the procedures as defined by ISO. Moreover, the
crumpled graphene aerosol morphology presented in Chapter4 iscomprehensively classified for the first time,
thus contributing to the development of new standards and health and safety regulations.

Health and safety regulations for graphene and related materials must be established to understand their
potential adverse health effectsand mitigate the risks. The large-scale production, use of graphene in various prod-
ucts, and their consequent disposal will inevitably lead to occupational exposure and accumulation of graphene
materials in the environment [50]. Human contact with graphene is possible through several routes: airway expo-
sure, dermal adsorption, oral administration, intravenous, and intraperitoneal injection. The most abundant un-
intentional exposure to graphene is inhalation, while intravenous administration is an important case of inten-
tional use of graphene in biomedical applications. Apart from human-related health risks, the environmental
hazard of graphene-related materials must also be assessed, such as their impact on radiative forcing and interac-
tion with flora and fauna.

To date, it is well established that multiple physicochemical parameters determine graphene toxicity: con-
centration, lateral size, shape, functionalization state, purity, aggregation state, and surface charge [50]. However,
due to a wide range of graphene materials having different characteristics, there is little consensus on the corre-
sponding toxicity effects [51-54]. Contrasting opinions appear in the literature, with some results suggesting bio-
compatibility of certain graphene materials, while others report toxic effects[52]. Rather, the devil isin the details,
and every material making it to the market must currently undergo time-consuming and costly toxicological
studies. This highlights the need for the extensive physicochemical characterization of graphene products so that
their characteristics could be distinctly linked to their respective health effects. This approach would mean the
transition from descriptive to predictive toxicology [50].

This dissertation does not seek to assess the toxicological effects of graphene aerosols synthesized through-
out the study. Instead, the set of laser-optical and aerosol diagnostics was deployed to comprehensively character-
ize the morphology and measure concentrations of crumpled graphene aerosols in situ for the first time. The ob-
tained material characteristics could be used to predict the exposure and environmental risks once the corre-

sponding models are developed.

2.2 Brief history of gas-phase microwave-assisted graphene syn-
thesis

The focus of this dissertation is the gas-phase microwave-assisted graphene synthesis, which was first conceived
and implemented by Dato et al. in 2008 [42]. This approach amounts to a substrate-free synthesis of few-layer gra-
phene (FLG) flakes at atmospheric pressure in a microwave plasma reactor. In their study, Dato et al. introduced
ethanol dropletsinto the reactor through a nozzle, where it was evaporated in an argon plasma. The reaction prod-
ucts underwent rapid cooling and condensed into few-layer graphene sheets downstream of the plasma.

Since then, gas-phase plasma synthesis of pristine and functionalized graphene has been investigated by sev-
eral groups, both experimentally and numerically, and has been shown capable of producing crumpled but high-
purity and low-defect FL.G flakes from common alcohols and hydrocarbons with product yield up to 50 wt.% on a

lab-scale [55-60]. In 2010, Dato et al. extended their initial work to other precursor materials and investigated the
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effects of precursor composition, plasma gas flow rate, and amount of applied microwave power on graphene pro-
duction [61]. That work provided the first insights into the kinetics of the process and gave indications on param-
eters of significant importance, such as the C/H/O atomic ratio in the precursor and precursor residence time in
the plasma zone. In 2013-2016, Tsyganov et al. developed the detailed kinetic scheme of ethanol decomposition
during plasma treatment down to diatomic and atomic carbon [62,63]. The authors validated their model by com-
paring predicted H2  and CO concentrations in the products with experimental values obtained by mass-spec-
trometry. However, the kinetics of graphene formation from the atomic carbon was not addressed.

Considerable efforts have been invested into improving both graphene quality and yields. The precursor
delivery method of injecting liquid droplets through a nozzle originally proposed by Dato et al. [42] was changed
to vaporized precursor injection [64], which improved graphene yield. Tatarova et al. [64] controlled the product
morphology by adjusting the gas temperature spatial profile in the post-plasma region of the reactor, thereby
shifting the reaction toward graphene. Toman et al. [59] introduced a dual-channel nozzle design that allowed
them to control product morphology and reduce the required microwave powers while maintaining graphene
quality. Tsyganov et al. [S7] optimized the reactor geometry toincrease the graphene yield by enlarging the nucle-
ation and assembling zones. Moreover, multiple parametric studies investigated the influence of reactant flow
rates, delivered microwave powers, and precursor chemical composition on product morphology [55,56,61,63,65].

Gas-phase microwave-plasma production of graphene has been a research focus at the Institute for Combus-
tion and Gas Dynamics of the University of Duisburg-Essen from 2014-2018 by Mtinzer et al. [34], and currently
by Fortugno et al. [55]. The authors were able to produce freestanding and chemically pure FLG from multiple
carbonaceous precursors with different levels of crystallinity and yield. Mtnzer et al. also successfully demon-
strated the application of produced FLG flakes in silicon-based lithium-ion batteries, which enhanced their long-

term stability and Coulomb efficiency [34].

2.3 Motivation and overview of contents

Notwithstanding the large body of research on gas-phase graphene synthesis, the transport and kinetics mecha-
nisms that underlie FL.G nucleation and growth are still largely unknown. Further advancement in production
rates and yields requires a comprehensive understanding of gas-phase kinetics (Figure 2.2). Moreover, tuning of
the process parameters is usually done empirically, through a combination of parametric studies and trial-and-
error, which isa time-consuming process. The time-intensive nature of this procedure is compounded by the fact
that reactor performance is usually assessed using ex situ materials characterization that is also cost-ineffective
and often intrusive. This presents a need to develop measurement tools that can monitor the synthesis processand
quality of produced graphene 7n situ without relying exclusively on ex situ characterization. Laser-optical diag-
nostics presented in this thesis can fulfill this need. However, graphene aerosol optical and physical properties
must be critically examined first, and the theoretical models for the subsequent laser-optical in situ diagnostics

should be built.
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Figure 2.2 “From research towards applications”, graphene diagram. Physical and optical properties must be
known for in situ diagnostics to be applied, which might lead to a better understanding of the graphene
formation kinetics, and consequently to the improved production efficiency with the eventual synthesis

upscaling.

Hence, this work pursues both practical and fundamental goals. The former is to develop laser-optical tools
that can monitor the formation, growth, and quality of graphene during its gas-phase synthesis and transfer. The
latter is to advance a fundamental understanding of the processes underlying gas-phase graphene formation, and
hence, ultimately help find ways to increase yield while maintaining graphene's high quality. The prerequisites
for these tasks include designing and manufacturing the gas-phase synthesis reactor; detailed morphology char-
acterization of produced graphene materials, ex situin the powder form and online in the aerosol phase; and fi-
nally, modeling and experimental investigation of graphene-light interaction. The versatility of numerical tools
and experimental diagnostics used throughout this research was possible as the result of a cotutelle agreement
between the University of Duisburg-Essen and the University of Waterloo in close collaboration with the Na-
tional Research Council Canada.

This thesis begins with Chapter 3, where the microwave-assisted gas-phase synthesis of freestanding gra-
pheneaerosolsisintroduced. The chapter describes the design and operation of the microwave-plasma reactor and
presents the ex situcharacterization of the produced powders.

Chapter 4 moves on to the online analysis of crumpled graphene morphology in the aerosol phase. Further-
more, the graphene-light interaction is probed for colloids and aerosols experimentally through the spectrally-
resolved extinction and absorption measurements and theoretically through the first-principle modeling. Conse-
quently, the crumpled FLG spectroscopic model required for the TiRe-LII analysis is established.

Chapter 5 describes the main concepts of TiRe-LII and demonstrates its application for the first time on
crumpled FLG flakes. The graphene aerosol characteristics, including flake volume fraction and specific surface
area, are probed.

Chapter 6 progresses with Fourier transform infrared spectroscopy deployed as an in situ line-of-sight ab-
sorption measurement. While TiRe-LII focuses on the particle phase, FTIR spectroscopy allows for identifying
and quantifying gaseous species involved in the synthesis, thus providing insight into the process kinetics. The
FTIR results are complemented with chemical kinetics simulations and mass spectrometry measurements to
yield a comprehensive understanding of the flakes formation mechanism.

Finally, Chapters 7 and 8 conclude the thesis by summarizing the main findings, discussing their im-

portance, and suggesting directions for future research.
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Chapter 3
Graphene synthesis and ex situ
materials characterization

This chapter discusses the gas-phase synthesis of freestanding graphene and other carbonaceous aerosols. Special
attention is given to the design of a microwave-plasma reactor, which was manufactured specifically for this pro-
ject to investigate graphene formation and growth 7n situ. The synthesis parameters and the ex situcharacteriza-

tion of the produced materials are presented.

3.1 Microwave plasma reactor

Graphene and other carbonaceous aerosols were synthesized in a microwave plasma reactor, which consists of sev-
eral parts: the microwave generation and propagation system, shown in Figure 3.1; and the reactor part, shown in
Figure 3.2. A water-cooled magnetron (Fricke und Mallah GmbH) generates microwave radiation (2.45 GHz, max-
imum power 2kW), which is first propagated through a circulator, where the back-reflected part of the microwave
radiation is directed into a water trap. The amount of back-reflected microwave power is measured with a micro-
wave diode and read as a voltage on a multimeter. The circulator is connected to a three-stub tuner (Muegge
GmbH) that allows impedance adjustment to minimize the return losses, and hence, maximize the amount of
power delivered into a water- and air-cooled cylindrical resonator (Cyrannus, iplas GmbH). The reactant gases are
fed through a 4-mm diameter nozzle to a transparent to microwave radiation fused silica tube (23 cm in length,

7 cm inner diameter)installed at the center of the resonator (Figure 3.2). The microwave radiation is focused along

Multimeter
Magnetron  (back reflection) Circulator 3-stub tuner Resonator

Figure31 Photo of the microwave plasma generation and propagation system.

Musikhin, 2022 9 Chapter 3



the center of the fused silica tube to generate a standing wave that ignites and supports the plasma. The micro-
wave-induced plasma dissociates the precursor molecules into smaller fragments that re-assemble downstream
into carbonaceous particles, e.g., graphene. Particles are then collected on a membrane filter at the reactor exit for
further characterization.

The reactor used in this work was designed to investigate graphene gas-phase synthesis 712 situ. To avoid par-
ticle deposition on the windows, the windows were nitrogen-flushed, and the extended cross-piece parts were
shielded from the inner tube with a metal plate, leaving a 5cmx1.5 cm open rectangle for the optical beam passage
(A—A cutting plane in Figure 3.2). In addition, the reactor was manufactured in a modular fashion, enabling opti-
cal measurements between 200 and 400 mm above the nozzle, thereby providing optical access to graphene aero-
sols at different stages of their formation, growth, and aggregation. To achieve stable reactor operation at high
temperatures of atmospheric pressure plasmas, several parts required modifications, as established in the prior
experiments conducted at IVG. In particular, the resonator cooling system was improved, and the nozzle tip was
changed from a flat to a conical design, which is shown in red color in Figure 3.2. After the implemented updates,
the reactor could be operated at atmospheric pressure while keeping the housing temperature below 170 °C,
which is lower than the 200 °C damage threshold for the silicone O-rings used in the reactor. Under these condi-
tions, the limiting factor for operating the reactor was the time before the windows become fouled with particles
making 7n situoptical diagnostics impossible, which could be up to several hours depending on the synthesis pa-

rameters.

Windows
flushing

s .— Air cooling

| <— Resonator

quartz tube ) 1.5cm

@7cm

nozzle cooling /I\

gases in

Figure 32 Half-section of the microwave plasma reactor. The cutting plane A-A shows the metal shielding
designed to minimize the particle deposition on windows with a rectangular slit for optical beam propagation.
The photo on the right illustrates the torch of hot graphene flakes synthesized from ethanol at 700 mbar, which
exit the fused silica tube (courtesy of M. Asif, IVG). The metal shielding was disassembled for taking the photo.
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Safe reactor operation in terms of temperature and pressure was ensured with several automated measures.
When the pre-set threshold pressure of 1.15 bar is exceeded, two electric pressure gauges send the signal to switch
off pneumatic valvesand stop any additional gases flowing into the reactor,and a mechanical valve opens a bypass
to divert the gas flow from the reactor to a pump. The temperatures of the reactor outer walls at three locations
and nozzle cooling water are continuously measured with thermocouples, and the readings are shown in a Lab-
VIEW program. When the wall temperature at any location is above 170 °C or cooling water temperature is above
40°C, the signal is sent to switch off pneumatic valves and stop gas flows. That leads to absence of gases absorbing

microwave radiation in the reactor and hence prevents it from further heating,

3.2 Graphene synthesis and process parameters

Graphene and other carbonaceous aerosols were synthesized using various precursors, known to produce either
pure few-layer graphene (FLG) flakes, spherical soot-like particles, or mixtures of both [55], as summarized in Ta-
ble 3.1. Crumpled FLG flakes were produced in Case 1 from vaporized ethanol (C;HsOH, >99.8 % purity). Spherical
aggregated particles that resemble typical soot were synthesized in Case 2 from vaporized toluene (C;Hg, >99.5 %).
The term soot or black carbon is defined by the Intergovernmental Panel on Climate Change as a form of carbon
arising from the incomplete combustion of fuels. However, high-temperature pyrolysis of carbonaceous materi-
als, such as the one in this work, also leads to the formation of aggregates consisting of spherical particles that are
commonly named “soot”. Therefore, the spherical aggregated particles synthesized throughout this thesis are re-
ferred as soot particles. In Cases 3-6, precursor mixtures of ethylene (CoHs, >99.9 %) and deionized water (milli-Q,
18.2 MU) led to the formation of either pure FLG flakes (Case 6) or FLG/soot particle mixtures (Cases 3-5). Precursor
flow rates were adjusted so that, if the precursor is fully decomposed to the atomic level, the atomic carbon con-
centration equals approximately 6800 parts per million (ppm). That is the carbon-atom concentration of fully de-
composed 190 standard cubic centimeters per minute (sccm) of ethanol, the case, which is known to produce high-
quality crumpled FLG [55,66]. Flowrates of ethanol were additionally varied between 120-400 sccm (4332-14368
ppm of atomic carbon) to investigate how carbon atom concentrations influenced the formation of aerosols. The
yield analysis was carried out in the previous study using similar reactor and synthesis parameters [55]. The yield
was calculated as the mass of the produced powder divided by the total carbon mass introduced into the reactor as

a precursor.

Table3.1 Precursors used in the study and produced materials.

Case  Precursor Fl/osvcvcite HZ(; tslcoc:vnrate C:O:H ratio Product /v:?‘;)l?s 5]
1 Ethanol 190 0 2:1:6 Few-layer graphene (FLG) 138
) Toluene 54.3 0 7:0:8 soot 36
3 Ethylene 190 0 2:0:4 (less) FLG / (more) soot 6.5
4 Ethylene 190 95 2:0.5:5 FLG / soot 4
5 Ethylene 190 190 2:1:6 (more) FLG / (less) soot 2.5
6 Ethylene 190 285 2:1.57 FLG L5
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Figure 33 Schematics of the gas-phase plasma synthesis used to produce few-layer graphene (FLG) and other
carbonaceousaerosols. Liquid precursor isatomized in argon and evaporated at 453 K. The precursor is dissociated

in a microwave-induced plasma, and forms FL.G (or soot) nanoparticles downstream of the plasma region.

The synthesis principle is summarized in Figure 3.3. The precursor is combined with 5 standard liters per
minute (slm) of Ar (5.0 purity) and evaporated at 453 K in a controlled evaporation and mixing unit (CEM W-
202A, Bronkhorst). Liquid reactants were metered with a liquid mass flow controller (mini CORI-FLOW
ML120V00, Bronkhorst). The diluted gas stream exits a 4-mm diameter nozzle surrounded by a tangential sheath
flow of 40 slm of Ar (5.0) and 1 slm of H, (5.0), all contained within a 7-cm diameter fused silica tube. The sheath
flow of Ar and H, suppresses particles deposition on the reactor and fused silica tube walls and provides homoge-
neous temperature distribution within the reacting volume. The microwave-induced plasma dissociates the pre-
cursor molecules into fragments, which re-assemble into carbonaceous particles downstream. The generated mi-
crowave power can be varied between 1-2 kW. The default power value of 1.4 kW was used throughout this thesis
unless stated otherwise. Particles were sampled on a membrane filter at the reactor exit for further characteriza-
tion. An additional flow of 10 slm N, (5.0) was used to flush the reactor windows. All gas flows were controlled by
calibrated mass flow controllers (Bronkhorst) and the reactor was checked for leaks before every set of experi-
ments. The reactor pressure was maintained at 1 bar using a PID controller, which regulated the amount of addi-

tional N, flow directed to the pump.

3.3 Ex situcharacterization

To provide a comprehensive understanding of particle morphology and chemical composition, synthesized par-
ticles were extensively analyzed ex situusing electron microscopy, Raman spectroscopy, and X-ray photoelectron
spectroscopy. The samples were collected in two ways: harvested from a membrane filter as a powder or sampled

from the reactor directly on a grid using an electrostatic precipitator.
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Figure3.4 TEM images of synthesized carbonaceous particles using various precursor flow rates and microwave
powers: (a,b) FL.G flakes, 190 sccm of ethanol, 1.4 kW; (c,d) FLG flakes/soot particles, 190 sccm of ethanol, 1.0 kW,
(e,f) FLG flakes/soot particles, 400 sccm of ethanol, 1.4 kW; (g,h) soot particles, 54.3 sccm of toluene, microwave
power: 1.4 kW.

3.3.1 Electron microscopy

The particle morphology was analyzed with transmission electron microscopy (TEM, Cs-corrected JEOL Ltd.,
JEM 2200FS, operated at 200 kV), scanning electron microscopy (Hitachi Inc., SEM, S-5200, operated at 30 kV),
and tomographic TEM (FEI Titan 80-300 LB). Figure 3.4 shows TEM images of carbonaceous nanoparticles har-
vested from the filter. For the analysis, several milligrams of collected powder were diluted in ethanol (=99.8 %
purity)and ultrasonicated for 20 min. A few droplets of the obtained nanocolloid were drop-casted on a 300-mesh
copper grid with a carbon support film and left drying for a few minutes before the analysis.

Theeffect of microwave power level on the particle morphology wasinvestigated by comparing two samples
synthesized from 190 sccm of ethanol (Case 1), using either 1.4 kW (Figure 3.4 a,b) or 1.0 kW microwave power (Fig-
ure 3.4 c,d). Figure 3.4 a,b shows crumpled FLG flakes with lateral sizes of 200-400 nm and thicknesses of less than
ten graphene layers, which is consistent with the ISO definition of few-layer graphene [46]. No amorphous struc-
tures were observed in the sample. Figure 3.4 c,d shows a mixture of FL.G flakes/soot particles. Here, the low mi-
crowave power likely caused lower temperatures in the post-plasma zone of the reactor, known to have a strong
effect on particle morphology [64], resulting in the formation of some amount of amorphous soot nanoaggregates
(indicated with arrows) along with the FLG flakes. The aggregates consisted of primary spherical particles with
diameters of 20-40 nm.

Several studies showed that higher total carbon concentration in the post-plasma region, which is achieved
by a higher precursor flow rate, shifts the reaction toward soot formation [55,61,67]. Hence, the morphology of two
samples obtained using different ethanol flow rates was analyzed here: 190 sccm (Figure 3.4 a,b) and 400 sccm of
ethanol at 1.4 kW (Figure 3.4 ¢,f). Figure 3.4 e,f shows that along with the FLG flakes a significant amount of soot

particles with diameters of 20-40 nm was produced. Hence, the TEM analysis confirms that at least two conditions
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Figure 3.5 TEM images of carbonaceous particles synthesized from mixtures of C,H4/H,O at different ratios
(Cases 3-6): (a) Case 3, 190 sccm of CoH,, FLG/soot mixture; (b) Case 4, 190 sccm of CoH, and 95 scem of H,0,
FLG/soot mixture, soot particles are shown with arrows; (c) Case 5,190 sccm of C,H, and 190 sccm of H,0, mostly
FLG; (d) Case 6,190 sccm of C,H4 and 285 sccm of H,0, pure FLG. All experiments were using 1.4 kW microwave

power.

should be satisfied to produce pure FLG material: sufficient temperatures in the reaction zone (typically higher
than 2500-3000 K), and an ambient elemental carbon concentration below a certain process-dependent threshold
value.

Figure 3.4 g,h shows spherical 20-40-nm diameter soot particles obtained in Case 2 using 54.3 sccm toluene
at 1.4 kW microwave power. Such a flow rate of toluene results in a similar carbon concentration in the reactor as
190 sccm of ethanol, ~6800 ppm. However, unlike in the case of ethanol, no graphene flakes were formed. Previ-
ously, it was showed that if the precursor molecule contains oxygen atoms, e.g., ethanol (C;Hs;OH), one of the dis-
sociation by-products is CO[55]. Due to the formation of CO molecules, the total carbon concentration in the post-
plasmaregion decreases, which shifts the reaction toward graphene formation. Here, the correlation between con-
centration of oxygen-containing precursor and particle morphology is examined by using precursor combina-
tions of C,H4/H,O, where the H,O content was varied, as shown in Table 3.1.

The TEM images in Figure 3.5 show that with increasing amounts of water added to the reactant mixture,
the reaction shifts toward pure FLG formation, or rather, the formation of soot particles is suppressed. However,
these investigations are qualitative, while the goal of this work is to quantify the effect of gaseous species for-
mation, e.g., CO and others, on particle morphology, using 7n situdiagnostics, such as the FTIR spectroscopy dis-

cussed in Chapter 6.

Electrostatic
precipitator Valve

to the exhaust

TEM grid
inserted inside

Figure3.6 Flakessampling scheme when using an electrostatic precipitator. Arrows inside the reactor denote the

aerosol flow directions.
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Additional aerosol samples were collected directly from the reactor using an electrostatic precipitator (Dash
Connector Technology Inc., ESPnanomodel 100), which was connected to the reactor’s cross-piece with an adapter,
asshown in Figure 3.6. The ESPnano consists of a compact pump that sustains the aerosol flow through the device,
twoelectrodes, which create a strong electric field to charge the flowing flakes,and a TEM grid substrate to sample
the flakes [68]. Hence, no sample preparation steps, such as dispersing flakes in a solvent, sonication, and drop-
castingona TEM grid were necessary. The flakes were collected onto a 300-mesh copper grid with a carbon support
film and analyzed with SEM.

Figure 3.7 a-d shows low- and high-resolution SEM images of FL.G flakes produced from 190 sccm of ethanol
(Casel)and collected from thereactor using the electrostatic precipitator. Most of the flakes appear to be crumpled
FLG with no apparent morphological differences from the flakes harvested as a powder from the filter (Fig-
ure 3.4 a,b). Figure 3.7 e shows the corresponding lateral size distribution, i.e, maximum Feret diameter. The his-
togram was fit using log-normal distribution to yield count median diameter (CMD) of 292 nm and geometric
standard deviation (GSD) of 1.52. Almost no micrometer-size flakes were detected. The aspect ratio of the flake was
alsomeasured, defined as the ratio of major to minor axes of the closest-fitting ellipse that circumscribes the flake.
The geometric mean aspect ratio was found to be 1.31 with a GSD =1.14 (Figure 3.7 f).

Since TEM and SEM images indicated the crumpled nature of the FLG flakes, it was decided to analyze one
sample directly collected from the reactor with tomographic TEM in collaboration with the Canadian Centre for
Electron Microscopy at McMaster University and visualize the three-dimensional morphology of the flake. The
typical graphene sample synthesized from 190 sccm of ethanol (Case 1) was chosen for the analysis. The TEM grid

holder wastilted by step-angles of 2° between-60° to+70° relative to the normal. Figure 3.8 shows TEM micrographs
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Figure 3.7 (a-d) SEM micrographs of FLG flakes (Case 1) sampled from the reactor with an electrostatic
precipitator (no sample preparation); (e) corresponding lateral size histogram; (f) corresponding aspect-ratio
histogram. The lateral size was measured as the major axis of an ellipse circumscribing the flake (maximum Feret
diameter). The aspect ratio was measured as the ratio of major to minor axes of the ellipse. The solid lines denote

the log-normal fits to the histograms. CMD: count median diameter, GSD: geometric standard deviation.
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Flake #1

Figure3.8 TEM micrographsof FLG flakes synthesized from 190 sccm of ethanol (Case 1) at three viewing angles.
Most flakes were found to be crumpled thus having a 3D structure. The only flat (but folded) flake found during
the analysis is labeled as Flake #1.

of two FLG flakes at three viewing angles. Flake #1 shows the single flat flake that was found during an hour of
grid scanning, which confirms the initial observation that most of the flakes are crumpled. Flake #2 represents a

typical for this type of synthesis crumpled FLG flake resembling a randomly folded pieces of paper.

3.3.2 Raman spectroscopy

Raman spectroscopy isan analytical technique used to measure vibrational energy modes of a sample. The sample
isirradiated with monochromatic light, and the inelastically scattered light is then imaged into a spectrometer to
obtain Raman spectra that give information about the vibrational modes in the sample. Raman spectroscopy is
commonly used to identify molecules and materials, evaluate chemical and structural characteristics of a sample.
In the case of graphene, Raman spectroscopy is used to determine doping levels, distinguish graphene from graph-
iteand graphene oxide, identify the number of layers for AB Bernal stacked graphene, and assess the general qual-
ity of a sample in terms of defects [69,70].

The Raman spectra of graphene typically consist of three bands: D, G, and 2D. The G band (~1585 cm ™) repre-
sents the stretching mode of the sp? carbon-carbon bond. The D band (1350 cm ™) is activated by defects and hence
indicates the degree of structural disorder, such as the presence of amorphous material or functional groupsin the
sample, which can be estimated when used in combination with the G band [70]. The graphene sheet edges, if pre-
sent in the area illuminated with the laser, will contribute to the D band as well. The 2D band (~2700 cm™) is the
second-order of the D band, which is sensitive to the degree of graphitization.

Here, Raman spectroscopy (Renishaw inVia) was used to assess the quality of the synthesized graphene and
other carbonaceous materials. A small amount of powder harvested from the filter was pressed on a glass slide and
the Raman spectra were obtained for at least two spatial positions to probe the local variation across the sample.

The measurements were performed at room temperature and in an ambient atmosphere between 300-3200 cm ™.
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The laser excitation wavelength was 532 nm, with a laser spot of 10 um, and an 1800 line/mm grating was used in
the spectrometer. The laser intensity was chosen to be smaller than 100 W/cm?, corresponding to an incident
power of 0.075 mW to prevent excessive sample heating.

Figure 3.9 shows Raman spectra of the synthesized powders. The D, G, and 2D bands are observed in all sam-
ples with additional features present, such as D' and overtones D + D" and D + D’. The samples were classified based
on the peak positions, widths, and band area ratios that correlate with the degree of graphitization, structural dis-
order, and stacking order [69,71,72].

Figure 3.9 a highlights the influence of microwave power and the precursor’s chemical composition on the
final particle structure. The sample obtained from 190 sccm of ethanol at 1.4 kW produced the Raman spectrum
(pink) typical for pure FLG [55,66]. The small Ap/Ag = 0.83 peak area ratio indicates a low degree of structural dis-
order and the large A.p/As = 2.03 ratio suggests a high degree of graphitization [69]. Based on the position and the
width of the 2D band signal (2696 cm™, FWHM 58 cm ™) and its single-Lorentzian line shape, it can be concluded
that the sample consists of turbostratic material, i.e., disorderly stacked graphene layers, which makes layer-
counting difficult [69,71]. The spectrum of the sample produced from 190 sccm of ethanol at 1.0 kW (orange) cor-
responds to the FLG/soot particles mixture. The Ap/As=1.19 ratio is higher than that of the pure FLG sample,
which indicates a higher degree of structural disorder. The relatively low Aap/Ag=1.07 ratio shows a lower degree
of graphitization compared to the pure FLG sample. Also, the broad overlapping D and G bands indicate the pres-
ence of soot particles in the powder. Finally, the sample produced from 54.3 sccm of toluene at 1.4 kW shows a typ-
ical Raman spectrum of soot (green) with overlapping D and G bands and no 2D peak [72]. The band positions and
widths suggest the presence of amorphous structures with no graphene flakes.

Figure 3.9 b demonstrates the influence of ethanol flow rate, i.e., the elemental carbon concentration in the
reactor, on the particle structure. The Ap/Ag ratios increase with ethanol flow rate, indicating the increasing de-

gree of the structural disorder with higher carbon concentration. The A.p/ Ag ratios, on the other hand, decrease

(a) (b)
—" Ethanol 190 sccm 1.4 kW (A/Ac = 0.83; Ayp/Ac = 2.03) — Ethanol 190 sccm 1.4 KW (Ay/Aq = 0.83; Ay /Ag = 2.03)
Ethanol 190 sccm 1.0 KW (Ap/Ac = 1.19: Ayp/Ac = 1.07) Ethanol 240 sccm 1.4 KW (Ap/Ac = 1.04: Ayp/Ac = 1.40)
— Toluene 54.3 sccm 1.4 kW — Ethanol 400 sccm 1.4 kW (Ap/As = 1.03; A,p/As = 0.86)
G 2D G 2D
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Figure 39 Raman spectra of synthesized powder samples. Samples were classified based on the peak positions,
widths, and area ratios. (a) Ethanol 190 sccm at 1.4 kW: Highly structured turbostratic FLG; ethanol 190 sccm at
1.0 kW: Mixture of FLG flakes/soot particles; toluene 54.3 sccm at 1.4 KW: Soot particles. b) Ethanol 190 sccm at
1.4 kW: Highly structured FLG; ethanol 240 sccm at 1.4 kW: Mostly FLG flakes with small amounts of soot
particles; ethanol 400 sccm at 1.4 kW: Mixture of FLG flakes/soot particles.
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with the ethanol flow rate, which suggests the reducing degree of materials graphitization with increasing carbon
concentrations. Moreover, in the case of 400 sccm of ethanol, the D and G bands overlap, which corresponds to the
presence of amorphous soot structures in the sample. The spectra of samples produced from C,H4/H,O can be
found in the recent work [55]. In short, Raman spectroscopy confirmed the results derived from TEM observations
(Figure 3.5) that the addition of H,O to the reactant mixture suppresses the formation of soot particles, i.e., in-

creases process selectivity towards graphene.

3.3.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS)is a surface-sensitive analytical technique that deploys a photoelectric ef-
fect,ie,asampleisirradiated with an X-ray beam, and the released photoelectrons are analyzed according to their
kineticenergy. XPSis used toidentify and measure the elemental composition of a sample surface down toa thick-
ness of a few nanometers, assuming that all components are distributed homogeneously.

In the case of carbon nanomaterials, XPS can be used to determine the hybridization of carbon and presence
of oxygen and other impurities. For example, pure graphene should show a single C1s peak of sp* carbon, which
has a binding energy ~284 eV. Pure diamond sample, on the other hand, should demonstrate a C1s peak corre-
sponding to sp® carbon with binding energy ~285 eV [73].

Here, XPS (PHI 5000 Versaprobe I, PHI Inc.) was used to assess the degree of the FLG flakes oxidation. Bind-
ing energies were measured at room temperature with a monochromatic Al-K,, source at v =1486.6 eV at a 45°

incidence angle. The measured spectra were interpreted with the Casa XPS software.
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Figure 310 Typical XPS spectrum of FLG flakes synthesized from 190 sccm of ethanol at 1.6 kW microwave
power. (a) low resolution scan; (b) high resolution O 1s region; (c) high-resolution C1s region; (d) C KLL Auger

region and the D parameter calculation.
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Figure 3.10 shows the low-resolution XPS spectrum of an FL.G sample and high-resolution spectral regions
of O1s,C1s,and C KLL. A Shirley-type background was calculated and subtracted before the fitting. The C 1s re-
gion was fitted with signals corresponding to C-C (~284 eV), C-O (C-C position + 1.2 eV), C=O (C-C position + 3.2 eV)
bonds, and a peak for the w-7* transition (~290 eV). The O 1s region was fitted with signals corresponding to C-O
and C=0 bonds. Peak positions were assigned following the data from Briggset al.[73]. A lineshape, which isa70/30
ratio of Gaussian and Lorentzian functions convolution, was used to fit all peaks, except for the C-C sp? that is
known to have an asymmetric line shape [74].

The C 1s signal (Figure 3.10 b) shows no indication of significant oxidation. The overall oxygen content in
the sample was calculated using the “area” method, when the area of O 1s is divided by that of C 1s, accounting for
the spectral sensitivity of the device. For all the FLG samples investigated in this thesis (see Table 3.1), the overall
oxygen content was estimated to be less than 2 at.% with no evidence of nitrogen bonding, verifying the chemical
purity of the produced flakes.

The carbon sp?/sp® hybridization ratio in the sample was estimated through the measurement of the “D pa-
rameter” based on the method demonstrated by Lascovich et al. [75]. The derivative of the C KKL region of the
Auger spectrum is calculated, where the D parameter is the width of the obtained signal, i.e,, the distance between
the maximum and minimum in eV. In his work, Lascovich et al. demonstrated that the D value linearly depends
on the sp*/sp’ratio in the sample. The authors carried out a series of measurements with highly-oriented pyrolytic
graphite (100 % sp?), diamond (100 % sp®), and samples prepared with dual ion beam sputtering having various con-
trolled C/H ratios (hence, different sp?/sp® ratios). Here, the calculated D values were ranging between 21-22.5eV
corresponding to 80-95 % of all carbon in the sample having sp® hybridization, which indicates that the samples
consisted almost entirely of graphitic carbon with minimum incorporation of diamond or amorphous carbon.
However, the sp?/sp® ratio estimated in this way should be treated with caution as it relies strongly on the calibra-
tion curve, which was taken from Lascovich et al.[75] and was not repeated here. Moreover, the D parameter has

shown sensitivity to the smoothing procedure and the content of oxygen and hydrogen in the sample [76,77].

3.4 Summarizing notes

This chapter described the design of the gas-phase microwave-plasma reactor, explained how freestanding FL.G
and other carbonaceous aerosols were synthesized, and provided detail on their ex sizuzcharacterization.

Raman spectroscopy confirmed that the powder was turbostratic graphene with a low degree of structural
disorder, XPS showed that the FLG consisted of more than 98 atom% of carbon, over 80 % of which was sp*carbon,
and electron microscopy revealed the crumpled flakes consisting of less than ten layers.

A parametric ex situstudy was conducted to investigate how microwave power, type, and concentration of
precursor affect particle morphology. Overall, the resultsindicate that insufficient temperature and excessive car-
bon concentrationin the system result in the formation of non-structured and less-graphitized materials, e.g., soot
particles. Increasing temperatures by increasing microwave power and reducing the elemental carbon concentra-
tion suppress particle formation and shift the reaction toward planar graphene structures.

It should be added that the FL.G samples fabricated during this work were compared to other samples pro-

duced under similar conditions in the study by Miinzer et al. [34]. The results of the TEM, XPS, and Raman anal-
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yses showed that the flakes morphology and chemical composition were consistent among the samples. The au-
thors also deployed Fourier-transform infrared spectroscopy and X-ray diffraction to confirm the high purity

and crystallinity of the gas-phase synthesized graphene.
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Chapter 4
Aerosol flake morphology and optical
properties

Many applications exploit the mechanical, electrical, and optical properties of graphene [20,30]. However, recent
studies show that the morphology of mass-produced graphene powders and suspensions, and therefore their func-
tionality, often differ considerably from those claimed by the manufacturer [11,45,78]. The problem of reliable
characterization is even more pronounced for crumpled graphene materials, e.g., crumpled FLG aerosols, one of
the most prevalent graphene products [12,79], the properties of which depend strongly on flake morphology [80-
82].

Knowledge of crumpled graphene aerosol morphology is also required to understand its adverse health ef-
fectsduetooccupational and environmental exposure. Currently, thereislittle consensus on the potential hazards
of graphene materials [51-54],in part due to a lack of information about its morphology [52]. Several morphologi-
cal parameters must be known to predict graphene toxicity and lung deposition efficiency, including the flake
lateral dimension, aerodynamic diameter, surface area, and thickness. To date, most studies that report these pa-
rametersare limited to flat graphene materials, with comparatively little information available on crumpled gra-
phene[52,54].

Apart from the under-investigated morphology of crumpled FLG flakes, there is a lack of data on their opti-
cal properties. Knowledge of the particle optical properties, such as absorption efficiency and the single scattering
albedo, isrequired for the interpretation of aerosol-phase measurements, e.g., laser-induced incandescence or laser
absorption spectroscopy. Besides, the increasing large-scale production and use of crumpled graphene will inevi-
tably lead toitsrelease and accumulation in the environment. Hence, the light-absorbing characteristics of crum-
pled graphene should be investigated to learn if these materials might play a role in the radiative forcing, similar
to highly-absorbing black carbon or soot [83]. Further complications to the matter adds the recent evidence that
the optical properties of graphene flakes are size- and shape-dependent [84]. The literature search shows that the
only study published on the crumpled graphene aerosol optical propertiesis the one by Zangmeister et al. [85], who
measured the mass absorption cross-sections (MAC) of crumpled few-layer graphene aerosols with a photoacoustic
spectrometer. They compared the MACs of graphene with other light-absorbing carbon aerosols, but no possible
morphology dependence was investigated.

This chapter presents experimental and modeling efforts to characterize the interplay between morphology
and optical properties for crumpled FLG flakes. The analysis builds up on the ex situ powder characterization
presented in Chapter 3 and extends towards graphene in aerosol and suspension phases. It is of great importance
to probe graphene properties in situ to avoid possible altering effects of sample collection and preparation when

using ex situ analyses.
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The chapter is organized as follows. First, the morphology of crumpled FLG aerosols is described: flake lat-
eral size and aspect ratio, mobility and aerodynamic diameters, shape, and layer number. Next, the optical prop-
erties of crumpled FLG suspensions and aerosols are presented: wavelength-resolved extinction and absorption
coefficients, mass absorption and extinction cross-sections, and the single scattering albedo. Finally, the optical
properties of crumpled FLG aerosols and suspensions are modeled through Rayleigh-Debye-Gans theory and nu-
meric discrete dipole approximation simulations based on flake geometries derived from tomographic transmis-
sion electron microscopy. The data presented in this chapter will be useful when modeling graphene health effects

and interpreting optical measurements on graphene suspensions and aerosols.

4.1 Morphology measurements

The morphology of crumpled FLG flakes in the aerosol phase was measured in terms of lateral size, mobility di-
ameter, and aerodynamic diameter. All three parameters are vital to defining the possible link between morphol-
ogy and optical properties, as well as to understanding crumpled graphene aerosol toxicity and lung deposition
efficiency. The particle mobility diameter (d,)is equivalent to the diameter of a sphere having the same electrical
mobility as a particle/flake of interest and is measured by the balance of electrical and drag forces. Particle aero-
dynamic diameter (d,) is the diameter of a sphere of density 1 g/cm?®with the same terminal settling velocity as a

particle of interest and is measured based on the balance between centrifugal and drag forces.

4.1.1 Experimental setup and methodology

Figure 4.1 shows the experimental configuration. A few milligrams of the crumpled FL.G powder were dispersed
in 1liter of ethanol (>99.5 % purity) and ultrasonicated for at least 15 minutes. The suspension was then nebulized
using a Collison nebulizer (TSI Inc., Model 3076) in recirculation mode, with filtered air at an absolute pressure of
308 kPa as the motive gas. The nebulized crumpled FLG-ethanol aerosol then passed through a dilution column
equipped with a 0.071 cm impactor (TSIInc., long DMA column). The dilution column serves two purposes: it con-

trols the particle number concentration and evaporates some of the ethanol [86]. The sheath-to-sample flow rate
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Figure 41 Experimental configuration used to characterize FLG aerosol flakes morphology. HEPA: high-

efficiency particulate air filter, AAC: aerodynamic aerosol classifier, CPC: condensation particle counter.
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ratio used in the dilution column was adjusted to 6.8 as a trade-off value to provide an acceptable signal-to-noise
ratio while diluting the sample flow not to overflood the catalytic stripper.

The diluted aerosol then flowed through a catalytic stripper (Catalytic Instruments, CS10) operated at 350 °C
to evaporate and oxidize semi-volatile impurities that could be present in ethanol. The oxidation reaction pro-
duces water vapor, which was removed by passing the aerosol through a diffusion dryer. The aerosol heating in-
side the catalytic stripper may not only remove the impurities but can potentially lead to a change in particle
morphology. However, the d, distributions measured with and without the catalytic stripper in the setup were
not significantly different. Hence, the impact of heating on FL.G flake morphology was negligible.

The mobility classifier in Figure 4.1 was equipped with an X-ray bipolar charger (TSI Inc., Model 3088) and
consisted of an electrostatic classifier (TSI Inc., Model 3082) with a 0.071 cm impactor (Ds cut-point diameter
600 nm), a long differential mobility analyzer column (DMA, TSI Inc., Model 3081), and a condensation particle
counter CPC (TSI Inc., Model 3776). The CPC measures particle number concentrations by condensing butanol va-
pors onto pre-existing particles to count them individually by laser-light scattering. The combination of a mobil-
ity classifier/CPC is known as a scanning mobility particle sizer (SMPS). The size measurement range was 15-
700 nm with the sample flow of 0.32 standard liters per minute (slm) and the sheath-gas flow of 3.2 slm, resulting
in a mobility-diameter resolution Ri= Qineatn/ Gample= 10. The data were analyzed by the Aerosol Instrument Man-
ager software (TSI Inc., AIM, ver.10.1) that employs an inversion algorithm by Wiedensohler [87] accounting for
the instrument function, diffusion losses, and multiple charging. The AAC (Cambustion Ltd.) aerodynamic size
range was set to 23-570 nm with a resolution R,=6.7. The AAC data were deconvoluted using the algorithm by
Johnson et al. [88]implemented into the device’s software.

Both the SMPSand AAC were calibrated using spherical polystyrene latex particles of known diameter prior
to the experiments. To ensure the stability of the crumpled FLG-ethanol suspension, i.e., to exclude particle pre-
cipitation in the nebulizer, SMPS and A AC scans were performed multiple times before and after the measure-
ments. The particle-number concentration and the particle-size distribution of the suspension remained stable
for the several-hour duration of one day’s experiments.

The devices were connected using electrically conductive carbon-impregnated silicone tubing to minimize
size-dependent electrostatic particlelosses that could otherwise bias the measured size distributions. Nevertheless,
test measurements of particle losses were carried out by flowing the aerosol at the experimental flow rates and
temperatures through tubes of different lengths and then measuring the particle number concentrations and d.,
distributions with the scanning mobility particle sizer. Negligible losses were detected for particles larger than
50 nm, which pertain to crumpled FLG particles. All instrument flows were measured using a Gilibrator-2 flow

standard (Sensidyne LP) and corrected for the lab temperature and pressure.

4.1.2 Results

The FLG flake-size distributions measured with SEM, SMPS,and AAC are plotted in Figure 4.2 as probability den-
sity functions along with log-normal fits to the data. It is important to keep in mind that these “diameters” incor-
porate information about distinct physical characteristics of a flake, according to the corresponding measure-
ment principle, and therefore differ from each other. Furthermore, it is necessary to account for the size-depend-

ent efficiencies of the instruments. The sampling efficiency of the ESPnano was largely size-independent [68]. The
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Figure 42 Probability density functions of the aerosolized FLG flake-size distributions: turquoise crosses:
mobility diameter measured with SMPS (filled area corresponds to one standard deviation), orange squares:
aerodynamic diameter measured with AAC, dark pink triangles: lateral particle size measured with SEM. Solid
lines show the corresponding log-normal fits to the data. The mobility diameter data (SMPS) were split into two

log-normal distributions. CMD: count median diameter, GSD: geometric standard deviation.

AAC and SMPS size-dependent corrections are included in the built-in device's software and were applied auto-
matically during data collection [87,88].

Figure 4.2 shows that the d, distribution is bimodal with the smaller mode havinga CMD =26.1 nm, and the
larger mode having a CMD =222 nm. The small mode likely represents the residues from organic impurities in
the ethanol and not the solid graphene flakes. These impurities may have penetrated through the catalytic strip-
per due to the very high concentration of ethanol at its inlet (well above the suggested instrument operation
range).In general,itis hard tofully avoid residuesin the aerosol, as they are universally observed when nebulizing
solid particles, although they correspond to a very small mass fraction in the original solution [89]. For example,
assuming spherical particles of equal density and a median nebulizer droplet size of 300 nm (as per the nebulizer
manual [90]), the observed 26.1 nm particles would represent an impurity of only 660 ppm in the solution.

The d,. distribution (orange squares) is unimodal and does not show the volatile particle mode. That could
be explained when considering different physical principles underlying the AAC and SMPS operation. For non-
spherical particles, d. = d..x const, where const>1 and depends on particle shape and density [91]. Assuming that
both devices measure the FLG flakes without altering their morphology, the corresponding size distributions
should be proportional to each other. When the @, density distribution is limited to the larger mode only (solid
FLG flakes), d.. is multiplied by a constant so that its density peak matches the d, density peak (here, ~1.8), and
both density distributions are re-normalized so that their areas equal unity, they match exactly, which proves the
assumption. Hence, the AAC detection range of 23-570 nm corresponds to the d, range of approximately 40-

1040 nm, and therefore, only the larger solid flakes mode was observable when using the AAC.
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Figure 43 (a) Lateral size and (b) aspect-ratio histograms of FLG flakes sampled from the reactor and after re-
aerosolization. The solid lines denote the log-normal fits to the histograms. CMD: count median diameter, GSD:
geometric standard deviation. The aerosolization procedure did not cause changes in flake size but slightly

decreased the flake aspect ratio.

Toensure that the aerosolization procedure (nebulizing, heating, and drying) does not impact the flake mor-
phology, an aerosol sample was collected on a TEM grid using an electrostatic precipitator (ESP nano model 100)
that was installed inline after the diffusion dryer using a T-piece as shown in Figure 4.1. The collected sample was
then analyzed in terms of flake lateral size and aspect ratio derived from SEM measurements (Hitachi Inc., S-5200,
operated at 30k V). The results were compared with the sample collected from thereactor (Section 3.3.1). Figure 4.3 a
shows that the flake lateral size, i.e., the maximum Feret diameter, did not change significantly during aerosoli-
zation. However, the aspect ratio was slightly reduced (Figure 4.3 b), i.e,, the flakes became a bit more compact.
That could be explained by the effect of the surface tension of ethanol during droplet evaporation. It should be
alsonoted that these aspect ratios are not large enough to result in preferential orientation of the FLG flakes inside
the electrostatic classifier [92,93], which would influence their mobility diameter measurements.

The graphene aerosol size distributions can be translated into the respiratory deposition fractions following
the simplified equations by Hinds [94]. The Equations (4.1)-(4.3) were fitted to the semi-empirical models by the
International Commission on Radiological Protection [95] for monodisperse spheres of standard density
(1000 kg/m®) at standard conditions, and averaged for males/females at three exercise levels. For non-spherical
particles of arbitrary density, such as crumpled FLG flakes, d,. is used instead of physical particle diameter to re-

produce the aerodynamic behavior of standard aerosols. In that case, the equations are the following:

1 1 1
DF,, =1-05| 1 — + (4.1)
1+0.000764° )| 1+exp(6.84+1183Ind, ) 1+exp(0924—1885Ind, )
0.00352 2 2
DFTB:[ y }[exp(—0.234(lndae+3.4-) )+63.9exp(—0.819(1ndae—1.61) )} (4.2)
0.0155 2 2
DFAL:[ y J[exp(—0.416(lndae+2.84) )+19.11exp(—0.482(lndae —1.362) )} (4.3)
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Figure4.4 Respiratory deposition fractions, total and regional, versus particle size. Curves were calculcated using
simplified equations by Hinds [94]. DF: deposition fraction; HA: head airway; TB: tracheobronchial region; AL:
alveolar region. PDF d,. is probability density function of crumpled FLG aerodynamic diameter. Between 10-
40 % of crumpled FLG flakes are predicted to deposit in respiratory ways, most of the flakes reaching alveolar

region.

where DF stands for deposition fraction, i.e.,,a fraction of inhaled particles that is deposited in a certain respiratory
region; HA is head airways, which includes the nose, mouth, pharynx, and larynx; TB is the tracheobronchial re-
gion, which includes the airways from the trachea to the terminal bronchioles; AL is the lowest part of the lungs
or alveolar region.

The calculated respiratory deposition fractions and the d,. probability density function are shown in Fig-
ure 4.4. The “Total DF” curve corresponds to the sum of all three deposition fractions. Hence, when “Total DF” <1,
part of the inhaled particles is exhaled without depositing inside the respiratory ways. For crumpled FLG flakes
investigated here, 68% of the flakes have d.. between 60 and 170 nm. In that size region, between 10-40 % of inhaled
particles are predicted to deposit in respiratory ways, mostly reaching the alveolar region. Nanoparticles accumu-
lated in the deep lung might penetrate the bloodstream and cause adverse health effects [96]. It should be noted
that the analysis presented hereisoverly simplified and averaged for various conditions. Nevertheless, a thorough
experimental study on graphene aerosol deposition in the human upper respiratory ways (heredenoted as HA and
TB) reported similar low deposition fractions for graphene flakes with d, = 50-150 nm [97]. Authors concluded
that graphene flakes, when inhaled, are likely to reach low regions of lungs and accumulate. However, the under-
standing of toxic effects is incomplete without long-term studies on toxicity and biodegradability of crumpled

FLG flakes, which is beyond the scope of this thesis but has been addressed in recent reviews [52,53].

4.2 Optical properties measurements

The optical properties measured and reported in this section describe the interaction of crumpled FLG flakes with
light. The following optical properties of FL.G flakes in the aerosol phase were measured: wavelength-resolved ex-

tinction and absorption coefficients, wavelength-resolved mass absorption cross-section, absorption Angstréom

Musikhin, 2022 26 Chapter 4



exponent, and the single scattering albedo. These quantities are commonly used in aerosol research for character-
izing carbonaceous aerosols. The extinction (b, 1) and absorption ( buws,2) coefficients are used to describe the abso-
lute magnitude of light extinction and absorption by an aerosol. The mass absorption cross-section (MAC,) is the
particle absorption cross-section per unit mass of a material, which is widely used in atmospheric research to cal-
culate the effect of soot on the climate. The absorption Angstrom exponent (AAE) was first introduced by Ang-
strom in 1929 [98] to describe the spectral variation of the light extinction by aerosols. Since then, the AAE has
been shown to be sensitive to particle morphology and chemical composition, i.e., molecular structure [99-101].
Thus, it is commonly used to characterize an aerosol type. For example, the AAE of small soot particles is usually
close tounity while the AAE of light-absorbing organic aerosols usually exceeds unity [102]. The single scattering
albedo (SSA) is the ratio of scattering to extinction, which shows what fraction of extinction is due to scattering.
Values close to unity would suggest strong aerosol scattering and consequently low absorption.

The measurement results presented in this section were compared with optical properties of other carbona-
ceous aerosols, and obtained spectroscopic data were additionally used to extract morphological parameters of gra-

phene flakes based on the existing metrics.

4.2.1 Experimental setup and methodology

Figure 4.5 shows experimental configurations used to characterize FL.G aerosol optical properties. The setup in

Figure 4.5 a was used to measure the aerosol by, 2 using an aethalometer (Magee Scientific, Model AE33). The setup

Dilution
system

(a)

Aethalometer
Air

FLG-ethanol

suspension
= (b) FCAE
24 Dilution e
o
% 3 system q
v L

Air Catalytic stripper

Cambustion
UDAC
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suspension

Figure 4.5 Experimental configurations used to characterize FLG aerosol optical properties. HEPA: high-
efficiency particulate air filter, UDAC: unipolar diffusion aerosol charger, CPMA: centrifugal particle mass
analyzer, FCAE: Faraday-cupaerosol electrometer, CAPS PMgsa: cavity-attenuated phase-shift particulate matter
SSA monitor.
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in Figure 4.5 b was used to measure the aerosol absorption coefficient at 660 nm, busss0, USing a cavity attenuation
phase-shift particulate matter single-scattering-albedo monitor (CAPS PMgsa, Aerodyne Inc., Model 660 nm) and
the FL.G mass absorption cross-section at 660 nm (MACe). Additionally, the b2 was measured with a UV-Vis
spectrophotometer (Varian Inc., Cary 4000) for the 0.0005 wt.% FLG-ethanol suspension (4 mg FL.G per 1 liter eth-
anol).

The CAPS PMg;a is an optical extinction and scattering monitor that measures the phase shift in a modu-
lated light beam due to scattering and extinction. The CAPS PMg;sa is a well-characterized tool for the measure-
ment of aerosol light absorption [103,104] but it does not provide spectral information. The CAPS PMgs, monitor
used in this thesis utilizes a light-emitting diode centered at 660 nm, a sample cell with an integrating-sphere
nephelometer, and a vacuum photodiode detector. The particulate extinction coefficient is determined by sub-
tracting the aerosol signal from a filtered (gas-only) signal. The extinction measurement is calibration-free, with
a manufacturer-estimated accuracy of 5 % [103]. Aerosol light scattering is measured simultaneously in the inte-
grating sphere and was calibrated before and after the experiments using an aerosol of 200 nm diameter ammo-
nium sulfate particles. The absorption coefficient is found from the difference between extinction and scattering
coefficients.

In the aethalometer, the aerosol sample is deposited on a filter tape and irradiated. In contrast to the single-
wavelength CAPS PMgsa, the aethalometer utilizes seven LEDs centered at wavelengths ranging from 370 to
950 nm and can be calibrated in real-time using the CAPS PMgsa. The light transmitted through the particle-laden
filter relative to the clean filter is measured and used to calculate the light extinction coefficient of the sample via
the Beer-Lambert law.

The extinction coefficient measured with the aethalometer, b« 2, represents the light absorption by a thin
layer of particles deposited near the filter surface, multiple scattering by the fibers within the filter, and light scat-
tering by the particles on the tape. However, the calculated bex . can be corrected to the b . Light scattering by
the particles is considered to be negligible compared to light absorption, as shown for purely scattering aerosols
sampled on filters[105-107]. Hence, the A.«1 can be converted to an absorption coefficient by 2 by accounting for
multiple scattering with a correction factor, the (-value [106] that should be calibrated for each new sample and
filter [108]. In this work, the (-value was calibrated using the aethalometer-measured e ss0 and CAPS PMggs-
measured Duwssso, a8 C = Dexes60/ Davsso = 2.17 £ 0.23, slightly smaller than the manufacturer’s default value of 2.56
[108]. The C-value has been extensively studied in the literature and shown to be largely wavelength-independent
[105,106,108]. Apart from multiple scattering, a “filter loading effect” can affect the bux, 1/ buvs 2 relationship. With
the continuous accumulation of aerosol particles on the filter tape, the particles absorb a higher fraction of scat-
tered light, which leads to underestimated extinction coefficients for filters with higher particle loading com-
pared to filters with low loading [106] or a so-called the “filter loading effect” [109]. The AE33 aethalometer used
here corrects for this effect in real time by using a dual-spot technique, in which the extinction is continuously
measured in two spots on the filter tape, with the aerosol sampled at different sample flows [109]. Hence, the ae-
thalometer-measured A.x,1 is proportional to Hyps 4.

The wavelength-resolved by, 2 dataallow calculating the AAE, which defines the wavelength power-law de-

pendence of the bys 4

b

abs,A

oc A7 (4.4)
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In the case of particles that absorb and emit in the Rayleigh regime, i.e., md, << A and m d, << 4, the spectral

dependence of the aerosol absorption is usually expressed as

Elm
babs,ﬁ, oc (ﬂ, l) b4 (45)
where
m, -1
E =I 2 :
(m,) m{mﬁz} (46)

is the absorption function, d, is the particle diameter, and mis the complex refractive index of the material.

4.2.2 Results

Figure 4.6 shows h.x, 2 measurements of the FL.G-ethanol suspension and by 4 of the filter-deposited FL.G aerosol,
as measured by UV-Vis spectroscopy and with the aethalometer, respectively. The data are normalized to 660 nm
toenable the comparison.

The UV-Vis extinction peaks at 269 nm, which corresponds to m-mt* electronic transitions of graphitic C=C
bonds and is commonly observed for graphene [110,111]. In the case of graphene oxide, the extinction peak blue-
shifts to ~230 nm [111]. The normalized UV-Vis and aethalometer data agree well in the visible part of the spec-

trum (although admittedly in part due to the normalization), while they considerably vary in the UV. This is
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Figure4.6 Wavelength-dependent extinction coefficient (5ux 1) of an FLG-ethanol suspension measured by UV-
Vis spectroscopy, and absorption coefficient (bwsz) of filter-deposited FLG aerosol measured with an
aethalometer. The error bars denote one standard deviation of the mean. The blue straight line labeled as AAE is

the linear fit to the aethalometer data. Both datasets are normalized to 660 nm.
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likely due to the increasing contribution of particulate light scattering to the b 2 signal at shorter wavelengths,
which was not compensated for in the UV-Vis measurements.

The wavelength-independent AAE =0.55 + 0.02 was calculated via a linear fit to the logarithmic aethalome-
ter data shown in Figure 4.6. This is substantially different from the AAE=1.0+0.2 of mature soot particles
[102,112], which, assuming the Rayleigh regime and according to Equations (4.4) and (4.5), would lead to the con-
stant A{mj) over the measurement wavelength range. For crumpled FLG flakes in the Rayleigh regime, the
AAE=0.55would indicate a strong wavelength dependence of Am) < A°*in the Arange of 370-950 nm. Since the
AAF parameter is sensitive to aerosol particle morphology and chemical composition, e.g., multiple particle-par-
ticle scattering within an aggregate and the presence of coatings[99,102,113], it is important to understand which
changes to the flakes could be induced by the aerosolization procedure. In Section 3.1.2, it was demonstrated that
the flakes are slightly more compact after aerosolization. Liu et al. [99] used numerical simulations to show that
more compact soot aggregates have smaller AAE values. Here, the chemical composition of FLG flakes after the
aerosolization was not analyzed albeit precautions were taken to minimize amounts of ethanol and potential im-
purities in the aerosol (catalytic oxidation and diffusion drying). Thus, it is unclear if the A AE of wet-aerosolized
crumpled graphene can be considered in analogy to graphene aerosol inside the reactor. For that reason, until ei-
ther chemical composition analysis of aerosolized flakes is available or in situ gas-phase measurements without
aerosolization steps are done, we restrain from using wavelength-dependent Am ) on crumpled FLG aerosols.

The obtained spectroscopic data also allows extracting several morphological parameters of graphene, fol-
lowing the established metrics from Backes et al [114]. The authors used a UV-Vis spectrometer equipped with an
integrating sphere to measure wavelength-resolved extinction and scattering coefficients of size- and layer-num-
ber-selected graphene suspensions. They found that the extinction peak position and curvature of the spectra de-
pend on the lateral size and graphene layer number. The correlations were found to be robust when tested against
lab and commercial suspensions, different solvents and stabilizers, and sheets with different stacking orders.
However, Backeset al.[114] worked with relatively stiff (and thus) flat graphene nanosheets produced from graph-
ite exfoliation, while here, crumpled 3D-like FLG flakes are analyzed.

First, the mean graphene layer number isextracted from the extinction spectra. The metrics for layer num-
ber <> was established by Backes et al. [114] using the ratio of the peak extinction coefficient to its asymptotic
value in the long-wavelength region: <N> £15% = 25 Bexis50/ Dextpeax - 4.2, which in this case yields <V =6.55+0.98.
The graphene layer number can also be estimated wusing the extinction peak position:
<IV> = 0.81 Aexypeax - 213, which resultsin <V> = 4.89. Hence, the UV-Vis data analysis suggestsa mean graphenelayer
number of 5-8, which isin good agreement with the TEM results. In particular, high-resolution TEM showed that
most of the flakes are thinner than ten graphene layers, and Brunauer-Emmett-Teller (BET) analysis yielded the
specific surface area (normalized to material’s mass) of 300-400 m?/g [66], which corresponds to 7-9-layer flat gra-
phene nanosheets calculated as N=2/(pdS), where pis the graphite density (2.267-10° g/m®), dis the interlayer spac-
ing (0.34x10° m), and S is the specific surface area.

The UV-Vis extinction curve was also used to estimate the mean lateral size of the flakes. Although the UV-
Vismeasurement correspondsto the extinction (absorption +scattering) coefficient, Backeset al.[114] showed that
for the exfoliated flat FLG, the absorbance in the region 650-800 nm was largely wavelength-independent and in-

dependent of flake size. Hence, any wavelength dependence of the extinction curve at wavelengths longer than
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650 nm is mainly due to scattering, and the scattering exponent can be estimated from the extinction exponent,
ie., By € A" and the corresponding flake lateral size found as <L> = (11/2.466) *%. Following their proposed ap-
proach, we fit the extinction curve with a power law in the long-wavelength region, A~ °*** and estimated the FLG
lateral size as <> = (0.434/2.466) **~ 200 nm, which is within one standard deviation of the count-median lateral
size measured by SEM (305 nm), as shown in Figure 4.2. This discrepancy may relate to the assumption of a wave-
length-independent absorbance spectrum (the aethalometer data suggest that the absorbance in the longer wave-
length region isnot flat, Figure 4.6). This comparison shows that UV-Vis spectroscopy metrics established for FLG
suspensions can give reasonable estimates of the flake mean layer number and lateral size.

MAC measurements were conducted using a setup configuration shown in Figure 4.5b. The CAPS PMgsa
monitor wasdeployed to measure the b0 0f the FLG aerosol,and a CPM A-Electrometer Reference Mass System
(CERMS) designed at the Metrology Lab of the National Research Council Canada [115] was used to generate FLG
aerosols of known mass concentrations. The CERMS system comprises a unipolar diffusion charger (UDAC, Cam-
bustion Ltd.) [116], centrifugal particle-mass analyzer (CPMA, Cambustion Ltd.), and Faraday cup aerosol elec-
trometer (FCAE, TSI Inc., Model 3068B). The UDAC was operated at the ion concentration-time product of
410" ions s/m®and a sample flow of 2.14 slm. The charged particles were measured with a CPMA, which classifies
particles based on the balance between centrifugal and electrostatic forces[117]. The CPMA was operated at a flow
rateof 2.14 slm and a resolution Ry, =10. Measurements were carried out at CPMA setpoints(A4)in the range of 0.1-
0.5 fg per elementary charge. The soot charging model from Ref. [118] is extrapolated to the FLG flakes used here
in order to predict the average charge per flake and thereby enabling calculating the average flake mass of 0.18-
8 fg. This extrapolation is approximate as it assumes that an FLG flake has the same mobility and charging diam-
eters as a soot particle of equal mass, resulting in an uncertainty of approximately 30 %. A more accurate calcula-
tion was not performed as no relationship of FL.G properties with mass was observed during the analysis. For each
CPMA setpoint, flakes of different mass-to-charge ratios can pass through the instrument, as defined by the in-
strument transfer function. The FWHM of the CPMA transfer function was calculated as 0.4 A/ following the fi-
nite-difference approach by Sipkenset al.[119]assuming single-charged spherical particles of constant density and
a flow with a parabolic velocity profile. After the CPMA, the classified aerosol was split between the CAPS PMgsa
monitor and the FCAE. Both instruments were operated with an aerosol flow rate of 1.07 slm. The FCAE measures
the aerosol charge concentration, which enables absolute mass-concentration measurements according to[117]

M-I

mtotal :mo + Q'E > (47)

where 11 is the mass concentration of the uncharged particles, A/is the mass setpoint of the CPMA, 7 is the de-
tected aerosol current, @ is the sample flow, and e is the elementary charge. The FCAE only detects charged parti-
cles, thus the presence of uncharged particles will bias the mass concentration measurements and consequently
the calculated MAC values [120]. Therefore, the concentration of uncharged particles was probed downstream of
the UDAC prior to the experiments using an electric precipitator (ESP, Cambustion Inc.) combined with a CPC,
and was found to be <100 particles/cm?® which is <1 % of the total particle concentration, and thus considered neg-

ligible.
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Figure 4.7 MAC and SSA for the crumpled FLG aerosol measured with the CAPS PMgss at 660 nm versus mean
single flake mass. Vertical error bars denote one standard deviation of the mean, horizontal error bars denote
FWHM of the CPMA transfer function. The arithmetic mean MACrig, 66018 10.19 + .10 m?/g.

Figure 4.7 shows MAC and SSA for the crumpled FLG aerosol versus mean single flake mass in femtograms.
The MAC was calculated at 660 nm as MA Ceso = Dunseso/ 122, Where m’is the particle-mass concentration measured
with CPMA, and bupseco0 is the aerosol absorption coefficient measured with CAPS PMggs, at 660 nm. The SSA was
calculated as SSAo = Bicaeeo/ Dexteso. The calculated MAC arithmetic mean is MACrig 660 =10.19 + 110 m?/g (+ 11 %).
The SSAric,e60 Values are scattered between 0.17-0.33. Both M ACrig,660 and SSAr1c, 660 demonstrate no apparent de-
pendence on the flake mass. Recent studies on soot particles produced in flames and engines [118,121] reported
mass-dependent MAC values and attributed the trend to differences in the degree of soot maturity or graphitiza-
tion. For the FLG aerosol investigated here, the terms “maturity” and “graphitization” do not apply as graphene
flakes were fully graphitized with a chemical structure consisting of >98 % atomic carbon, as reported in Sec-
tion 3.3. Therefore, it is not surprising that no size-dependence of MAC and SSA was observed for FL.G flakes.

The UV-Visdata wereadditionally utilized to calculate the wavelength-resolved mass extinction coefficient
of the FLG-ethanol suspension (MECki g-ethanoi, 1) using the Beer-Lambert law (Figure 4.8, blue curve). At A =660 nm,
the MECrrethanol, s0 = 5.75 m?/g. This value is close to the MECe = 5.8 m?/g reported by Backes et al. [114] for an
FLG-water suspension. However, this is almost half the aerosol MACk:g,e0=10.19 + 110 m?/g measured in this
study. As the aerosol optical properties relate to particle morphology and chemical composition, there could be
two reasons why the colloid MECk; g-ethanol, 660 s Smaller than the aerosol M ACrrg, 0, although neither of which can
fully explain the twofold difference. First,a TEM comparison of aerosolized flakes with those sampled 7n siture-
veals a small difference in flake aspect ratio (Figure 4.3). Second, the flakes in colloidal suspension and aerosol
phases could have different chemical compositions. It is known that the presence of organic impurities in the aer-
osol enhances light absorption, and consequently, extinction [112,122]. Despite a significant effort being made to
reduce amounts of ethanol and potential impurities in the aerosol, it is possible that some quantities of semi-vol-
atile residues remained. A chemical composition analysis of aerosolized flakes is required to confirm or exclude

that possibility and to conclude on the MECri g ethanot, 660 V8 M ACryg, 660 discrepancies.
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The single-wavelength MACs g, 60 value combined with knowledge on AAEr g can be used to extrapolate

MAC s toother wavelengths. Using the measured mean MACy 660 = 10.19 + 1.10 m?/g and the AAFg; g = 0.55 + 0.02:

(4.8)

660 AAE,
MACFLG,l = MACFLG,660 (7} :

Figure 4.8 compares the MACyi 2 values reported here with available literature data on light-absorbing car-
bon aerosols. In terms of graphene, the most relevant work is by Zangmeister et al. [85], who measured the MAC,
and AAE of two crumpled graphene aerosols with a broadband photoacoustic spectrometer: nanoplatelets (orange
squares) and thermally reduced graphene oxide (rGO, blue squares). The authors generated the aerosols by nebu-
lizing graphene-water suspensions. At 660 nm, they found the MACe of graphene and rGO to be 6.44 + 0.09 and
6.85+0.13 m?/g, respectively, while the corresponding AAE values were 0.74 + 0.05 and 0.83 + 0.07 [85]. The discrep-
ancy between the MAC, and AAE reported by Zangmeister et al. and the results of the present study could be at-
tributed to different measurement methods that employ different physical principles, and to different chemical
compositions of graphene samples. The samples in the Zangmeister et al. study were dispersible in water, while
chemically pure grapheneis hydrophobic. The graphene sample used in this thesis could not be dispersed in water,
which is why ethanol was used instead. No other optical properties data were available on graphene aerosols.

Figure 4.8 also shows the MAC, data for soot aerosols reported in the literature. Since most studies report
MAC; at a single wavelength, such measurements were extrapolated across the visible spectrum using Equa-
tion (4.8) and either the reported AAE value or, when no wavelength-resolved data were available, an assumed
AAE=1. Bond and Bergstrom [112] recommended MACys=6.25 + 1 m?/g for soot based on 17 historical measure-

ments. Another review by Zangmeister et al. assessed 199 MAC measurements for carbonaceous aerosols [85]. An
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Figure 48 Wavelength-resolved MAC of a crumpled FLG aerosol (dark pink triangles) calculated from the
MACrki6,660=10.19+ 110 m?/g and the AAFE;; = 0.55 £ 0.02 (solid dark pink line). Shaded areas denote one standard
deviation propagated from the MAC;and AAE uncertainties. Wavelength-resolved MEC of an FLG-ethanol
suspension is shown as a solid aqua line. Other symbols and lines are the literature MAC data for carbonaceous

aerosols. The inset shows the zoomed-in 660 nm part of the graph.
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average of all measurements, removing the outliers with deviation from the mean >5c, yielded
MACse0=6.98+0.15m?/g and AAE =0.85 + 0.09, while an average of only filter-based methods, again with > 56 out-
liers removed, gave the MACe=5.83 + 0.44 m?/g and AAE =131 + 0.28. A more recent review by Liu et al. [113] re-
ported the MACe= 6.66 + 0.58 m?/g based on ten studies that measured both absorption and mass using in situ
techniques. They also reviewed studies on mature soot £{m ;) measurements and from that reported the average
MACse0=6.08+117 m?/g. Asone can seein Figure 4.8, the large body of literature on carbonaceous aerosols suggests
MACse values between 5-7 m?/g and the corresponding MAC; values that are smaller than those of crumpled FLG
aerosols. That implies that crumpled FLG flakes absorb visible light more efficiently than mature soot particles.
Hence, special care should be taken when producing and handling graphene aerosols, to prevent their release into
the atmosphere in significant quantities, which could contribute to radiative forcing. The investigation of FLG

and soot optical properties proceeds further using laser-induced incandescence in Chapter 5.

4.3 Optical properties modeling

Further insight into the connection between the morphology of crumpled FLG and its optical properties can be
obtained through numerical simulations and comparison with the measurements. Here, two analyses were ap-
plied to FLG flakes with various morphologies: Rayleigh-Debye-Gans (RDG) theory and the discrete dipole ap-
proximation (DDA)[123,124]. The RDG and DDA simulations were done by Dr. Talebi-Moghaddam from the Uni-

versity of Waterloo.

4.3.1 Theory and methodology

In DDA, the matter is approximated as an ensemble of coupled “numerical” dipoles (each of which represents
thousands of physical dipoles) that interact with each other in the presence of an oscillating electromagnetic field.
The spectral cross-sections and the scattering phase function are then calculated by combining dipole fields and
the field of the irradiation far away from the object. The result is a rigorous albeit computationally intensive sim-
ulation of how an incident electromagnetic (EM) wave interacts with matter.

RDG theory, in contrast, provides a more straightforward, analytically closed-form expression for the ab-
sorption and scattering cross-sections. The foundation of this approach is the electrostatic approximation, in
which the phase variation of the electromagnetic field inside the particle is assumed to be negligible. Accordingly,
each dipole interacts “in phase” with the EM wave, and thus their contribution to the overall absorption and scat-
tering cross-sections can simply be superimposed. In particular, the spectral cross-sections approximated in RDG
theory are[125]:

7’d’n

Cosa :%E(mz ) > (4.9)

and

=—lp(m,), (4.10)
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where dy is the volume equivalent diameter of a crumpled FLG flake, 724 is the index of refraction of a dielectric

medium, £m,)is given by Equation (4.6), and

2
m,-1
f(nh)z 2 (411)
m; +2
The spectral extinction efficiency is then
4 Csca A + Cabs A
Qext,/i =Qsca,l +Qabs,l = ( 2 ) : (412)
d,

v

The optoelectronic properties of graphene are highly anisotropic due to the two-dimensional confinement
of electrons through m-bonds and the specific band structure of graphene [127]. This is reflected by distinct in-
plane and off-plane refractive indices of graphene [126,128-131]. It is also possible that the optical properties of
crumpled FLG flakes differ from a single- or few-layer plane graphene on a substrate due to their complex “non-
flat” morphology. In the absence of data on crumpled graphene materials, the analysis was extended towards

graphite refractive indices [132,133]. The refractive indices of graphene and graphite used in this study are shown
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Figure49 Refractiveindicesused in DDA and RDG simulations. (a), (b): in-plane refractive indices of graphene;

(c): off-plane refractive index of graphene measured in Ref.[126]; (d), (e): in-plane refractive indices of graphite.
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Figure4.10 Graphene (a)and graphite (b)absorption functionsas calculated from the refractive indices from the

literature. The medium in all cases was air (imeq = 1). The summary of the studies is given in Table 4.1.

in Figure 4.9, and the corresponding £{m,) values are shown in Figure 4.10. The datasets summaries are given in
Table4.1.

DDA was applied to three FLG flakes shown in Figure 4.11. First, the flakes were volumetrically recon-
structed from the tomographic TEM images using the open source Tomviz software [134], which utilizes the
weighted back-projection algorithm. Next, the 3D-reconstructed flakes were meshed. The original volumetric
shapes contained artifacts caused by the tomographic reconstruction algorithm. Therefore, the 3D objects were
initially meshed with a uniform DDA mesh with a lattice size parameter of 0.35 nm, which is the approximate

thickness of monolayer graphene. A cut-off radius of 30 nm was defined for each dipole, and all the dipoles inside

Table4.1 Refractiveindices of graphene and graphite used in the DDA calculations.

Author Material Methodology

Single-layer Ellipsometry applied to a single-layer graphene placed on an

Kravetset al.[126] graphene amorphous quartz substrate

Single-layer Ellipsometry applied to a mechanically exfoliated graphene flake

Weber etal. [128] graphene on a silicon wafer with SiO, on top

Ellipsometry applied to a CVD-grown bilayer graphene produced
Politanoetal.[129]  Bilayer graphene by multiple transfers on SiO,/Si and polyethylene terephthalate

substrates
Ochoa-Martinez Single-layer Ellipsometry applied to graphene films grown on copper substrates
etal.[130] graphene and transferred onto a SiO,/Si substrate

Single-and five- Ellipsometry applied to single- and five-layer graphene on a SiO,

Pdpaetal. [131] layer graphene ~ substrate. The influence of depolarization was investigated

. ] The optical properties of graphite modeled with a modified
Highly-oriented

Djurisié et al. [132] Lorentz-Drude model. Good agreement with ellipsometry

pyrolytic graphite measurements for highly-oriented pyrolytic graphite observed
Reflectance spectra of various disk-shaped graphite pellets
) _acquired. The refractive index was inferred using the Kramers-
Various graphite . T ) .
Querry [133] Kronig method. Three refractive indices were used: (1) graphite
pellets

pellet, Dixon KS-2; (2) intercalated graphite pellet, Dixon 1102; (3)
intercalated graphite pellet, Asbury 3222
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Figure 411 TEM micrographs of the aerosolized crumpled FLG flakes at three viewing angles and the volume-

reconstructed flakes at 0°. Volume-reconstructed flakes were meshed and used in the DDA analysis.

this radius were counted. If the number of dipoles contained within this radius was less than 3200, the dipole is
removed. This process was repeated for all the dipoles. The parameters for this algorithm were adjusted to make
the final 3D mesh visually similar to the tomographic results and achieve a single dipole thickness in parts of a
flake where single-layer graphene was detected.

To account for graphene optical anisotropy, three methods for assigning the polarizability tensor of each
dipole were compared: (i) assuming random orientation for each dipole; (ii) assuming fixed orientation for all di-
poles; and (iii) the plane fit approach described in the Appendix C. All three approaches produced identical nor-
malized Qs 1 spectra (Figure C.1), hence, the plane-fit approach was used for all subsequent DDA simulations and
no model error is expected for the normalized Qus2and Qi

The light scattering model under the RDG approximation was first developed for anisotropic spheres by
Pecharroman et al. [135], but it does not strictly apply to the complex morphology of crumpled FLG flakes. How-
ever, negligible absorption and scattering contributions are expected from the off-plane refractive index (Fig-
ure 4.10 ¢), normalized FLG cross-sections could be approximated with RDG using particle volume equivalent di-
ameters, dy, and thein-plane refractive index of the scatterer only. The final FL.G flakes #1, #2,and #3 (Figure 4.11)
have dy 0f 16.2,13.8,and 17.6 nm, respectively.

4.3.2 Results

Figure 4.12 compares the extinction spectra derived using the RDG approximation against DDA simulations for

the geometries of three investigated FLG flakes. The refractive index data of single-layer graphene from Kravets
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Figure 412 Verifying the RDG predictions of absolute (a) and normalized (b) extinction efficiencies for FLG
flakes #1, #2, and #3 with DDA. The relative difference between RDG and DDA decreases from 33 % at A = 300 nm
to 9 % at A =900 nm. The normalized plot (b) shows that RDG is capable of predicting the averaged spectral cross-
section of crumpled FLG flakes. Calculations were performed for 7meqa=1.0 (air). The refractive index of graphene

from Kravets et al.[126] was used.

etal.[126]and the refractive index of air as the surrounding medium (zzmeq = 1) were used. The RDG approximation
by its natureis unable toaccount for the influence of particle orientation on the optical properties, so RDG predic-
tions are compared with orientation-averaged DDA results. The relative difference between RDG and DDA de-
creases from 33 % at A = 300 nm to 9% at A=900 nm, which is caused by a decrease in the phase shift parameter
p="ndym;| /A The normalized plot in Figure 412 b also shows that the RDG can predict the slope of the spectral
cross-section. Therefore, RDG can be used as an approximation to evaluate averaged spectral cross-sections of
crumpled FLG flakes, especially at near-infrared wavelengths, e.g., 1064 nm, which is often used in laser-induced
incandescence[66].

The DDA simulations were repeated for Flake #1 using a refractive index independent of wavelength to as-
sess whether the crumpled FLG absorbs and emits in the Rayleigh regime. Three complex refractive indices were

chosen from Kravets et al. [126]: M3oonm = 2.656 + 1.8791, Mgoonm = 2.566 + 1.382i, and Mggonm = 2.912 + 1.596 i. If the RDG

HO- .............. My rag = 1.36] - 1 \
100} 40998 W\
o N
0.996 .
g 90 Mo Mg = 1.36 = R
= X 0994 \.\
~ 80 Mis, Nieg = 1.36 .
4 e £ 0992 S
6?70. My, Mg = 1.0 T T~ -
= mana=10 | B T
60 A2 Mmed — 1+ © 0.988
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Figure 413 Absolute (a) and normalized (b) A Qus 2 values calculated using DDA with fixed refractive indices at
A1=300 nm, A,=600 nm, and A;=900 nm from [126]. Refractive index of a medium: mmeq=1.36 (ethanol), nea=1.0
(air). AQuws 1 drops by only 1.2% from 300 nm to 1100 nm, indicating that the RDG model could be a valid

approximation to predict the slope of Qs 1 for crumpled FLG particles.
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Figure 414 Comparing DDA simulations for different graphene refractive indices with: (a), (c): UV-Vis
extinction measurements of the colloid; (b), (d): aethalometer measurements of the aerosol. The curves in (a), (b)
are normalized to 300 nm, in (c), (d) to 800 nm. The refractive indices of the media are taken to be 1.36 (ethanol)
and 1.0 (air). The refractive index from Papa et al. [131] provides the closest fit to the UV-Vis data, while no

literature refractive index can describe the aethalometer data.

model is valid, it is expected from Equations (4.9) and (4.12) that AQus1be wavelength independent. Figure 4.13
shows that AQus 1drops by only 1.2 % from 300 to 1100 nm, indicating that the RDG model is indeed a valid ap-
proximation to predict the slope of Qs 2 for graphene in the visible and near-infrared.

Figure 4.14 compares the normalized values of experimentally measured extinction efficiencies of the FL.G-
ethanol suspension (UV-Vis) and the FL.G aerosol (aethalometer) against DDA simulations using different gra-
phene in-plane refractive indices. The off-plane refractive index from Kravets et al. [126] was adopted. There is a
considerable variation in the results based on the chosen refractive index. The closest fit to the UV-Vis data was
achieved using the single-layer graphene data from Papa et al. [131] with no influence of depolarization observed.
The DDA curve for five-layer graphene [131], though having a similar layer number as the FLG flakes in this
study, did not improve the fit to the experimental data. Moreover, none of the DDA simulations resemble the
aethalometer measurements carried out on FLG aerosols. This could indicate that the morphology of colloidal
FLG flakesis closer to that of plane graphene sheets, while aerosolized FLG flakes have complex crumpled nature,
which alters the graphene electronic structure [136,137], and thus, the optical properties. To determine the mor-
phology of the flakes in suspensions, in sifumeasurements are necessary, such as multi-angle elastic light scatter-
ing[138,139].

The comparison of UV-Vis and aethalometer measurements with DDA predictions using graphite refrac-

tiveindicesis shown in Figure 4.15. The DDA simulations predict the experimental UV-Vis curve and reasonably
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Figure 415 Comparing DDA results for different graphite refractive indices with: (a), (c): UV-Vis extinction
measurements of the colloid; (b), (d): aethalometer measurements of the aerosol. The curves in (a), (b) are
normalized to 300 nm, in (c), (d) to 800 nm. The refractive indices of the media are taken to be 1.36 (ethanol)and 1.0
(air). The graphite refractive indices for graphite pellets (Dixon KS-2) and intercalated graphite pellets (Dixon
1102) from Querry [133] provide the closest fit for experiments in both media.

well describe the experimental aethalometer curve. Overall, the difference between the graphite DDA predictions
and the measurements is smaller compared to that of graphene DDA shown in Figure 4.14. The best-fitting simu-
lations for FL.G in both media provide the graphite refractive indices of Dixon KS-2 pellets and Dixon 1102 inter-
calated graphite pellets from Querry [133].

Overall, these results suggest that the absorption characteristics of crumpled FL.G materials are more aligned
with the optical properties of graphite rather than those of graphene. Note that TEM, Raman spectroscopy, and
BET analysis verified that the sample in this study was indeed crumpled turbostratic few-layer graphene and not
graphite[66]. Moreover, when using the refractive indices of the plane five-layer graphene sheet [131], the DDA fit
to the experimental data did not improve compared to single- and double-layer graphene simulations, even
though having a similar layer number to the FLG flakes investigated in this thesis. It is also known that the elec-
tronic structure of graphene depends on the sheet morphology [136,140]. In particular, graphene surface wrin-
kling was reported to introduce a finite optical band-gap [136] and enhance the optical anisotropy, as the charge-
carrier transport along and across the folded parts is governed by distinct effects [141]. Hence, the speculation is
that the crumpled and turbostratic nature of graphene flakes plays a more important role than the layer number

in regard to optical properties. It is difficult to quantify a specific threshold level of crumpledness at which optical
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properties transition from those of graphene to those of graphite. Experiments aimed at measuring the FL.G spe-
cific surface area, which correlates with crumpledness, may help to answer this question. This is addressed in
Chapter 5 using laser-induced incandescence.

Given the close connection between optical properties and charge transport, this observation also raises the
question as to whether the electrical properties of the crumpled FLG are closer to those of graphite or defect-free
single-layer graphene. While no direct comparison is provided here, the crumpled FLG synthesized previously at
theIVG with the same method as the one used in this study demonstrated excellent performance when used in Li-
ion batteries because of its high electrical conductivity and surface area [34]. Moreover, the successful application
of crumpled graphene in batteries, capacitors, and electrocatalysts [142-144] again demonstrates its unique elec-
trical and morphological characteristics that are different from bulk graphite and flat single-layer graphene. It
also has been shown, that the electrical properties of graphene converge to those of graphite only at 11+ layers at
room temperature [11,140], however, these studies did not investigate crumpled turbostratic graphene.

To validate the experimentally-observed plasmonic response of graphene at UV wavelengths, further DDA
simulations with a small wavelength increment (5nm) were conducted for Flakes #1 and #2 (Figure 4.11) using
different refractive indices. For these calculations, it was necessary to extrapolate the off-plane refractive index at
A <300 nm by equating it to the value at A =300 nm, however, the off-plane part of the refractive index was shown
tohaveanegligible effect on the results. Figure 4.16 ashows that the DDA simulations predicted a localized surface
plasmonic resonance (LSPR) peak, although it was narrower and blue-shifted compared with the experimental
one. These discrepancies could be caused by wide distributions of FLG flakes size, shape, and random orientation
in the suspension, as well as by an inaccurate refractive index of graphene/graphite used in the DDA simulation.
The complexity of the problem again highlights the necessity for further research on the optical properties of
crumpled FLG flakes. Figure 4.16 b shows that the RDG approximation, as expected, cannot reproduce the LSPR

peak, highlighting the fact that the electrostatic approximation is not valid for the UV region.
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Figure 416 Comparing the experimentally determined UV-Vis extinction spectrum with spectra found using
DDA (a) and RDG (b) simulations. The DDA predicted extinction peak is narrower and blue-shifted compared to

the experimental one. The RDG approximation cannot reproduce the extinction peak.
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4.4 Conclusions and future work

Crumpled FLG aerosol is one of the most prevalent mass-produced graphene materials, for which the electronic
and optical properties, as well as toxicity, depend on flake morphology, which creates a need for reliable charac-
terization.

In this chapter, a suite of complementary aerosol measurement techniques was deployed to analyze flake
lateral size and aspect ratio, mobility, and aerodynamic diameters. Measured aerodynamic size distribution ena-
bled the calculation of respiratory deposition of crumpled FL.G aerosol following the established deposition model
[94,95]. The results indicated that, when inhaled, crumpled FLG flakes are likely to reach and accumulate in the
deep lung region, hence, potentially leading to adverse health effects.

The optical properties were assessed in terms of spectrally-resolved extinction and absorption coefficients,
aerosol Angstrom exponent, single-scattering albedo, and mass absorption cross-sections. The measurements sug-
gested stronger visible light absorption for crumpled FLG aerosols compared to soot aerosols. Moreover, the spec-
troscopic data were correlated with the mean graphene layer number and mean lateral size using the established
metrics by Backes et al [114].

DDA simulations were carried out on the tomography-reconstructed flakes to investigate the connection
between the optical properties and the flake orientation and morphology. The flake orientation had no impact on
the normalized absorption efficiency of the particles, and Rayleigh-Debye-Gans theory was proven to be a rea-
sonable approximation when calculating the spectral cross-sections of crumpled FLG. Furthermore, simulated
extinction and absorption cross-sections more closely resembled the experimentally measured ones when using
the refractive indices of graphite, rather than refractive indices of single- or few-layer flat graphene.

A promising direction of future research lies in the morphological and optical characterization of suspen-
sions of crumpled FL.G and freshly-generated aerosols directly from the gas-phase reactor. Such studies would pro-
vide information on graphene formation and growth kinetics and elucidate how its morphology and chemical
composition changes by aerosolization and interactions with solvents. This is partially approached in the next

chapter using laser-induced incandescence diagnostics.
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Chapter 5
TiRe-LIl diagnostics

Laboratory-scale gas-phase plasma synthesis of crumpled FLG aerosols, employed throughout this thesis, pro-
duces highly-structured materials having purity equal to or exceeding other synthesis routes [12]. However, more
must be known about the formation mechanism, the synthesis process, and graphene properties in order to im-
prove yields and develop industrial-scale processes. Accordingly, there is a need for in situ optical diagnostics to
obtain insight into graphene growth kinetics and morphology dynamics, to learn how to control synthesis and
increase yield, as well as to monitor the graphene flakes in situduring the production.

Time-resolved laser-induced incandescence (TiRe-LII) is a promising tool to fulfill at least some of these
needs.In TiRe-LII, the nanoparticles within an aerosol sample volume are heated by a laser pulse, and the resulting
incandescence is measured as a function of time, typically at multiple wavelengths, as the particles return to the
ambient gas temperature. In LI diagnostics, the nanoparticle volume fraction is inferred from the signal inten-
sity, while the particle size distribution parameters (and other properties) are found by fitting a modeled particle
temperature decay curve to a pyrometrically-inferred one. TiRe-LII is widely used in combustion-related applica-
tions to measure soot particle size and volume fraction [145,146],and it also has been successfully applied to many
other types of nanoparticle aerosols, including metals [147-151], semiconductors [152,153], oxides [154,155], carbon
nanotubes [156-159], and core-shell particles [160,161]. This thesis demonstrates the first use of TiRe-LII to probe
FLG flakes.

This chapter presents three sets of TiRe-LII measurements on FLG aerosols. First, the general applicability
of the method to FL.G aerosols is investigated through experiments in a test cell. The TiRe-LII response of crum-
pled FLG flakes is compared to that of soot aerosols, and the differences are discussed in the context of aerosol
properties. Second, the LIT is used to measure flake concentrations (volume fraction) in a controlled experiment.
Finally, the TiRe-LII is applied in situin the microwave plasma reactor to probe the evolution of crumpled FLG

morphology.

5.1 TiRe-LIl theory

In TiRe-LII, nanoparticles in a probe volume are heated by a laser pulse and then return to the ambient gas tem-
perature via various heat transfer mechanisms, shown schematically for an FLG flake in Figure 5.1. The probe
volumeis theintersection between the beam of the excitation laser and the solid angle of the detection optics. Dur-

ing the cooling process, the energy balance of an individual nanoparticle or flake is governed by

dU,, _ e nd; . A7,
dr 76 dr

= s +qrad +qconc1 +qevap > (51)
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Figure 51 Schematic representation of the heat transfer mechanisms experienced by a laser-heated FLG flake.

At atmospheric pressure, radiation is negligible compared to conduction and evaporation.

where Uy istheinternal energy of the particle, ¢ denotes time, pand ¢,are the nanoparticle material density and
specific heat capacity, d«is the nanoparticle effective diameter (e.g., dv), 7, is the particle temperature, g is the
rate at which the laser energy is absorbed by the nanoparticle, and grad, Geond, and Gevap are the cooling rates due to
radiation, conduction, and evaporation, respectively. When time-resolved data are available, Equation (5.1) can be
solved for d,, or in the case of non-spherical particle, dye.

In practice, a TiRe-LII experiment starts with heating an aerosol using a pulsed laser and detecting time-
resolved LII signals at a single or at multiple wavelengths, then inferring the nanoparticle temperature trace,and
finally simulating the nanoparticle cooling to derive the quantities of interest, e.g., the specific surface area. This
section describes the theoretical part of the analysis, while the experimental part is given in the following section.

In the case of a monodisperse aerosol, the detected spectral incandescence intensity is given by:

1
2hc] hc,
//I(ﬂ”y;):fVGACA,absT exp Z AT -1 , (52)

B"""p

where fyisthe volume fraction of the flakes, G isa setup-specific parameter accounting for detector geometry and
efficiency, &z is the Boltzmann constant, /is the Planck constant, ¢ is the speed of light in vacuum, and Cj s is
the spectral absorption cross-section of FLG. The numerical simulations presented in Chapter 4 showed that the
Rayleigh approximation to Mie theory adequately describes the crumpled FLG spectral cross-sections. Hence,
Caas is calculated from Equation (4.9), where 11meq = 1 for argon and air used in the experiments presented in the
next section. Notably, the consequence of the Rayleigh approximation is that both the absorption cross-section in
Equation (4.9) and the sensible energy on the left-hand side of Equation (5.1) are proportional to volume, so mate-
rials having similar £{m) but different volumes should nevertheless reach approximately the same peak temper-
ature.

The parameter accounting for detector geometry and efficiency, G, depends on multiple factors, e.g., the £
number and the spectral transmission of the collection optics, the detector gain, the laser sheet thickness, the
transmissivity of bandpass filters and neutral density filters, the detector spectral efficiency, etc. For simplicity,
all these factors are combined in a single parameter for each bandpass-filtered detection channel. The G, values

for the two detection setups used in this thesis (described in Section 5.2) were found through measurements with
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a light source of a known spectral output. The detection setup calibration procedure is beyond the scope of this
thesisand is described in detail elsewhere [162].

Tocalculate the Cys, asdefined in the Equation (4.9), the wavelength dependence of £{m ) should be known.
Although the optical measurements on aerosolized graphene presented in Chapter 4 showed the wavelength de-
pendence of £{m), it is not clear yet if these results can be extrapolated to in situ measurements of flakes formed
in the gas-phase. The aerosolization process changed the flake aspect ratio and could introduce chemical impuri-
ties, hence, altering the aerosol optical properties. Therefore, for the initial TiRe-LII study on as-synthesized FL.G
aerosols, the £{m ) is assumed to be wavelength independent over the detection range of interest, as is frequently
done for mature soot [146,163]. Then, all wavelength-independent properties in Equation (5.2) are combined into

ascaling factor C yielding the spectral incandescence

1
J,(A,T)=C—=| exp o 11| . (53)
a0 A
When detecting the experimental incandescence signals, /';Xp, atdifferent wavelengths, the particle temper-

ature (maximum likelihood estimate) is inferred using weighted least-squares minimization

7,C O.

i i

exp _ ymod 2
(7;,C)=argmin Z(MJ , (5.4)

where C is the scaling factor, and o is the standard deviation of the mean of ];XIP for the /" channel. The ]jfl‘.’d is
the modeled incandescence calculated following the Equation (5.3).

The next part of the analysis involves modeling the heat transfer mechanisms to reproduce flake heating
and cooling, and then use this model to infer the quantities-of-interest. The main heat transfer mechanisms were
schematically shown in Figure 5.1.

The laser absorption is responsible for nanoparticle heat-up to high temperatures, leading to incandescence.

In its basic form, the laser absorption term is given as

qabs :Cabs,/lI FE) > (55)

where A, is the laser wavelength and F;is the laser fluence. In the case of particles in the Rayleigh regime, the laser
absorption term is
ﬂ:ds eff
qabs = , E(mﬂ,l )F . (56)

A

Here, the absorption function Am ) shows which fraction of the laser energy is absorbed by the flake and trans-

ferred intoitsinternal energy.
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Although radiative emission, gr.q, represents the detected incandescence signal and underlies the principle
of the measurement, it is generally negligible compared to conduction and evaporation except at very low pres-
sures [145].

Heat conduction represents the energy transfer by collisions of gas molecules with the flake surface. The na-
ture of conductive cooling depends on the conduction regime as defined by the Knudsen number, Kn=A,/L,
where A, is the mean free path in the gas, and Zis the flake characteristic length. When Kn> 1, the conduction heat
transfer occurs in the free-molecular regime, within which gas molecules travel ballistically between the equilib-

rium gas and the nanoparticle surface. Accordingly, the conduction heat rate can be written as

" é,ro
9eona :_aAconngkB {24_? (Tl; _7; ) > (57)
where
, 1.C,  DC
N'=—t8_ "¢ (58)
f4 4T

isthe incident number flux of gas molecules per elementary area, &z is the Boltzmann constant, & is the thermal
accommodation coefficient, which represents the collision energy transfer efficiency, Awna is the surface area
available for conductive heat transfer, C,.. is the number of rotational degrees of freedom of the gas molecules (zero
for monoatomic Ar used here), 7; and p, are the gas temperature and pressure, 12, is the molecular number density,
1, is the flake mass, ¢, is the flake heat capacity at constant pressure, and ¢, = [8ks T3/(T012,)]"? is the mean thermal
speed of the gas molecules.

The evaporation term, gevap, becomes significant when a nanoparticle or a flake reaches high temperatures,
i.e,at high laser pulse fluences. The transition temperature (energy) value depends on the heat transfer model ap-
plied and the particle absorption efficiency at the excitation wavelength, generally, for mature soot irradiated
with 1064 nm radiation the evaporation term becomes dominant at temperatures 3200-3800 K and laser fluences
1.5-2mJ/mm?[145,164,165]. The LII evaporation sub-model depends on the particle temperature, its surface area,
and the latent heat of vaporization (i.e., the energy required to sublime one carbon atom from the nanoparticle)

[145]

AH, dmp
M, dr’

qevap =

where A Hy is the molar heat of vaporization, My is the vapor molar mass, and dm,/d¢is the rate of the particle
mass loss that occurs in the free-molecular regime [145,166,167]
dm 2 p \Y CV

dtp =—m,nd, T (510)
B p
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where my is the vapor species mass, py is the vapor pressure given by the Clausius-Clapeyron equation, and ¢ is
the mean thermal speed of the vapor.

Some LII models consider additional phenomena, including oxidation, thermionic emission,and annealing
[145,168,169]. These cooling mechanisms are only applicable to specific materials or experimental conditions and
neglected in other cases. In the context of this thesis, investigated graphene flakes were shown to be almost fully
graphitized (XPSanalysis, Section 2.3.3), had no oxygen incorporation,and contained no oxide surface layer (TEM,
XPS, Raman, UV-Vis, Sections 3.3 and 4.2.2), hence, no annealing and oxidation terms were considered. Thermi-
onic emission, i.e,, loss of energy by emitting electrons, was shown to be negligible for carbonaceous materials ex-
periencing laser fluences below 10 mJ/mm?[145,170]. Therefore, the heat transfer model applied throughout this

work is limited to absorption, conduction, and evaporation.

5.2 Experimental setup and results

Three sets of TiRe-LII experiments were carried out throughout this thesis. First, the general applicability of the
method to crumpled FLG aerosols was studied and the TiRe-LII response of flakes was qualitatively compared to
that of mature soot. Second, the synthesized FL.G powder was aerosolized to measure flake mass concentrations
(volume fraction) with a commercial LII setup (LII 300, Artium Inc.). Finally, TiRe-LII wasapplied in the gas-phase
reactor to probe crumpled FL.G morphology in situ, measuring the specific surface area (SSA). Hence, three meas-

urement setups are consecutively described in this section.

5.2.1 Aerosol experiments in a flow-through test cell

The first set of TiRe-LII measurements was conducted on an aerosol pneumatically extracted downstream of the
plasmareactor and continuously transported via a12.7-mm diameter, 15-m long pipe through the LI test cell (Ar-
tium Inc.). The excitation setup is shown in Figure 5.2. The cell pressure was maintained at 400 mbar and moni-
tored with a pressure transducer (VD8, Thyracont GmbH). FLG flakes were heated using a pulsed 1064 nm
Nd:YAG laser (Powerlite 7000, Continuum) operating at 10 Hz with a pulse duration of 10 ns full-width half-max-

imum (FWHM). The laser beam profile was analyzed with a beam viewer (LaserCam-HR, Coherent Inc.). The most

./Graphene
¥ aerosol

.

Probe volume
Energy
monitor

= «— Collection
= optics

']
o
"
-
.
-

Test cell
Energy
/attenuator l
Nd:YAG I D Q
Laser -E |
Aperture/ \ /

Relay imaging

to detector

Figure 52 Laser-induced incandescence excitation setup attached to the flow-through test cell, side-view.

Collection optics are oriented perpendicular to the drawing plane.
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Figure 53 Averaged laser pulse energy profile in the probe volume when using the Continuum: Powerlite 7000

laser, 2-mm aperture, and relay imaging with two lenses. The resulting profile is close to top-hat.

homogeneous part of the beam was selected using a 2 mm diameter aperture that was relay-imaged to the meas-
urement location using a 1:1 telescope. The resulting spatial beam profile was analyzed before each series of exper-
iments and found to be stable and close to top-hat (Figure 5.3). The temporal spread over the 2-mm diameter laser
beam is less than 600 ps and hence neglected [171]. The laser energy was controlled by an angle-dependent optical
attenuator and measured using an energy meter (Coherent J-S0MB-Y AG sensor and FieldMax II-TOP meter).
Figure 5.4 shows the two detection systems used in these experiments: The first one consisted of four photo-
multiplier tubes (PMTs); the second one consisted of a spectrometer connected to a streak unit and a charge-cou-
pled device (CCD) camera, which combined comprise the streak-camera setup. Both systems were triggered by a
pulse generator (Stanford Research Systems, DG645, pulse jitter below 50 ps) at a fixed delay relative to the laser
pulse. In the PMT setup, two 50.8 mm diameter achromatic doublets with focal lengths of 100 and 150 mm col-
lected and focused the incandescence from the heated nanoparticles onto a 1000-um core-diameter fiber (Thorlabs

Inc.). The collected light was collimated and guided through three dichroic mirrors (Semrock FF740-Di01, FF605-
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Figure 54 TiRe-LII detection setups, top-view: (a) four-color PMTs system; (b) streak camera system. PMT:

photomultiplier tube; MA: multi-alkali photocathode; SBA: super bi-alkali photocathode; ND: neutral density;

MCP: micro-channel plate.
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Di02, and FF458-Di01) and then focused on four gated PMTs: three with a multi-alkali (M A) photocathode (Ha-
mamatsu H11526-20) and one with a super bi-alkali (SBA) photocathode (Hamamatsu H11526-110). Each PMT was
equipped with a unique bandpass filter: 390:11 nm (Semrock FF01-390/18-25), 500 + 13 nm (Semrock FF01-500/24),
684 +13nm (Semrock FF02-684/24),and 797 + 9 nm (Semrock FF01-800/12). A set of neutral density filters was also
incorporated (79, 50, and 10 % transmission) to ensure that the PMTs were operated in their linear regime [172].
The spectral transmission of the bandpass and neutral density filters was calibrated using a stable broadband light
source (LDLS EQ-99X) and a spectrometer (Ocean Optics USB-4000). A relative PMT sensitivity calibration was
done using a halogen-tungsten light source mounted in an integrating sphere (LOT KW-150W), which was cali-
brated at the external testing service (opto.cal GmbH). A more detailed description of the PMT setup components
and the calibration procedures is given elsewhere [162]. Signals were collected with a 500 MHz oscilloscope (Pico-
Scope 6404C) with an 8-bit vertical resolution and 0.8 ns sampling intervals. The oscilloscope was triggered with a
fast photodiode (Thorlabs DET10A) by detecting scattered laser light. TiRe-LII signal data acquisition, post-pro-
cessing, and parts of the analysis were done using LIISim 3.0.7 software [173].

In the streak-camera setup, incandescence was collected using two 50.8-mm diameter achromatic doublets
with focal lengths of 250 and 150 mm, and then focused onto the 500-pum-wide entrance slit of a spectrometer (Ac-
ton SpectraPro SP 2300, 50 grooves/mm grating blazed for 600 nm), connected toa Hamamatsu C10910 streak unit
(100 pm-wide slit). A 16-bit Hamamatsu C10600 CCD camera (1344 « 1024 pixels) was attached to the streak unit to
record spectrally- and temporally-resolved data. Wavelength calibration of the spectrometer was performed using
aHg/Ar calibration light source (LOT-QuantumDesign). The spectral efficiency of the setup was calibrated using
the same halogen lamps mounted in an integrating sphere as was used for the PMT system calibration. An instru-
ment response function was determined by comparing the laser pulse duration measured by the streak camera
with that by a fast photodiode (Thorlabs DET10A) and found to be ~3 ns. The detection wavelength range was set
t0 350-820 nm.

Figure5.5showstypical TiRe-LIIsignals obtained from FLG flakesin the test cell, confirming that crumpled
FLG flakes absorb energy at 1064 nm, heat up, and consequently emit broadband thermal radiation. Time-re-

solved signals shown in Figure 55a were obtained with the four-color PMT system at a fluence of
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Figure 55 Typical TiRe-LII signals of an FL.G aerosol pneumatically sampled from the reactor and measured
with: (a) four-color PMT system; (b) streak camera system. Laser fluence: 1.35:0.06 mJ/mm? Streak camera data

consist of two non-scaled overlapping spectra (350-620 and 550-820 nm).
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1.35 + 0.06 mJ/mm? and averaged over 200 laser shots. Figure 5.5 b shows a typical temporally- and spectrally-re-
solved signal collected with the streak camera at the same laser fluence and averaged over 2000 laser shots. When
using a streak camera, signal accumulation for a large number of laser shots is necessary to improve the otherwise
low signal-to-noise ratio. In both systems, the “0 ns” time stamp approximately (within 1—2 ns) corresponds to the
moment the laser fires a pulse. The laser fluence choice was dictated by the LII signal intensity and the detection
setup sensitivity. Ideally, the laser fluence should be sufficiently high to achieve a good signal-to-noise ratio, but
below the sublimation regime, which could indicate that the laser is causing changes in particle morphology.

Despite the lower spectral sensitivity of the streak camera compared to the PMTs, its deployment was justi-
fied as it resolves signals temporally and spectrally, thus, visualizing potential signal interferences, e.g., from Cy’
Swan bands. TiRe-LII data are usually analyzed assuming that the measured signals are solely due to incandes-
cence of the thermally excited nanoparticles, but this is not always true. In the case of soot, for example, under
certain measurement conditions, the LI data collected over the detection wavelength range may become contam-
inated with emissions from polyaromatic hydrocarbons (PAHs)and other volatile compounds[174,175], as well as
emissions from evaporated carbon clusters [176,177]. The detected signal may also be affected by absorption of in-
candescence by PAHs and other gaseous compounds present in the aerosol.

To verify that the signals detected here came solely from the incandescing FL.G flakes, a series of test exper-
iments were carried out. A membrane filter was installed upstream of the test cell, filtering out the flakes and al-
lowing only volatile components to pass and reach the test cell. No LI signal was detected with this configuration,
neither using PMTs nor with streak camera. That proves that there were no gaseous species in the aerosol absorb-
ing 1064 nm laser radiation. Line-of-sight attenuation (LOSA) measurements were carried out with the same setup
configuration (filter upstream the test cell) using a broadband light source with a diffuser plate (LDLS EQ-99X,
Energetiq Technology Inc.). Thelight from the light source was guided through the test cell with and without the
gas stream present and detected using a combination of a CCD camera and a spectrometer (Andor iXon DV887—
Acton SP-150, Oxford Instruments). No absorption in the range of 350-820 nm was detected, which is the indica-
tion that there were no gaseous species in the aerosol that absorb, and hence emit, radiation in the detection range.

Figure 5.6 shows spectrally-resolved signals collected with the four-color PMT and streak camera systems at
the moment of peak incandescence, 20, and 100 ns after the peak signal. Solid lines correspond to the spectral in-
candescence fits calculated using Equation (5.3), and symbols represent measured data. Each streak-camera signal
consists of two spectra measured at different grating angles (350-620 and 550-820 nm) that are merged without
rescaling. Data were truncated to 390 nm due to low detection sensitivity at lower wavelengths and smoothed in
the spectral dimension using a moving average filter with a window width of 25 pixels (10 nm).

Figure 5.6 highlights that the temperatures inferred from the streak camera signals are consistently lower
than thoseinferred from the PMTssignals. This may be attributed to the finite slit widths of the spectrometer and
streak unit (500 and 100 pum, respectively) since the signal produced by a row of elements on the CCD chip corre-
sponding toa particular momentin timeisaconvolution of theincidentintensity entering the spectrometer from
a few nanoseconds before and after the measurement time. That results in temporal blurring, which can be seen
in Figure 5.5 b, where the streak camera “detects” the emitted intensity even before the laser pulse, i.e., earlier than
the “0 ns” timestamp. Unfortunately, temporally-deconvolving the streak camera signal is an ill-posed problem

and correcting for this effect is non-trivial and beyond the scope of this thesis. The PMT data, on the other hand,
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Figure 56 LII signals of an FLG aerosol pneumatically sampled from the reactor at three time instants: the
moment of peak incandescence, 20 ns,and 100 ns after the peak signal. Signals measured with: (a) four-color PMT
system; (b) streak camera system. Laser fluence: 1.35 + 0.06 mJ/mm? Streak camera data consist of two non-scaled
overlapping spectra (350-620 and 550-820 nm). Solid lines denote spectral fits to the data and the symbols are the

measured data. Error bars in the PMT data denote one standard deviation of the mean.

are not susceptible to this problem and provide higher signal-to-noise ratios. Consequently, all quantitative anal-
ysisin this work is done using the PMTs data.

The LII response of crumpled FLG aerosols was compared to that of soot aerosols. TiRe-LII measurements
were conducted on soot nanoaggregates synthesized in the same reactor using vaporized toluene as a precursor
instead of ethanol (Case 2). The ex situ characterization of produced soot particles was presented in Chapter 3. Ex-
perimental conditions during the TiRe-LII measurements, including laser fluence and gas pressure, wereidentical
to those during the measurements on the FLG aerosols. The same spectral model established above for the FLG
(Rayleigh limit of Mie theory, £{m ;) independent of wavelength) was used to interpret the soot measurements.

Figure 5.7 shows the evolution of temperature and normalized incandescence signals at 797 nm for soot

nanoaggregates and FLG flakes obtained at a fluence of 1.35 = 0.06 mJ/mm? Although the laser fluence was the
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Figure5.7 Temporal evolution of incandescence signalsat 797 nm (denoted as /) and temperatures ( 7) of FLG and

soot aerosols. Laser fluence: 1.35 + 0.06 mJ/mm? The FLG aerosol heats up to higher temperatures than soot.
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same in both experiments, the FL.G flakes appear to reach a higher peak temperature (4135 K) than the soot parti-
cles (3400 K). Moreover, compared to soot, FLG flakes demonstrate faster incandescence signal decay, which cor-
responds to a faster aerosol cooldown. Both observations indicate different material properties that could be
probed with TiRe-LII.

The cooling rate is defined by evaporation and conduction terms, as per Equation (5.1). For laser-heated ma-
ture graphitized soot below 3800 K, evaporative cooling is negligible, so the observed temperature decay is largely
due to conductive cooling with the surrounding bath gas[165]. The outer shells of soot particles synthesized in this
work (Figure 3.4 g,h) consisted of graphitized layers, same as the FLG flakes, hence, the enthalpy of vaporization
of both materialsis expected to be similar. In that case, the temperature decay for FLG, when below 3800 K, should
also be dominated by conductive cooling. Figure 5.7 shows that the FLG flakes reach 3800 K approximately 50 ns
after the incandescence peak due to evaporation and conduction and then continues to drop mainly due to con-
duction. Asestablished in Equation (5.7), the conduction cooling rate depends on several materials and process pa-
rameters, including the particle/flake SSA. If folded or crumpled, the SSA of the flake reduces, which decreases the
conduction cooling rate.

To avoid repetition, the quantitative conduction analysis is moved to Section 5.2.3, where it is presented to-
gether with the 7n situ TiRe-LII measurements carried out at different heights above the nozzle. The focus of the
In situ measurements was to infer the evolution of graphene SSA while it forms and experiences morphology
changes inside the reactor. The SSA values of FLG flakes and soot powders synthesized in the plasma reactor were
also measured with BET analysis, which yielded SSAzic ~ 290-340 m?/g and SSA 0 = 100-130 m?/g. Two-threefold
difference in materials SSA explains different conduction cooling rates. Hence, TiRe-LII can potentially be used
to estimate the level of graphene crumpledness, which has a significant influence on the characteristics of FLG in
applications [30,144].

The analysis of peak temperatures and incandescence signals is usually made using fluence curves, which
show how the two parameters change with laser fluence. Figure 5.8 a depicts FL.G and soot temperature and incan-
descence (797 nm channel) fluence curves. The fluence was varied between 0.36-9.95 mJ/mm? covering three dis-
tinct regimes, as defined by Sipkens et al. [178]: The low fluence/linear regime shown as a green shaded area, the
moderate fluence/transition regime shown in yellow, and the high fluence/plateau (i.e., evaporation or sublima-
tion) regime shown in red.

In the low-fluence regime (Figure 5.8 b), the evaporation term is assumed to be negligible over the laser pulse
duration. Thus, the laser energy absorbed by the nanoparticles is equal to the change in sensible heat. Assuming
the Rayleigh regime and that the majority of laser energy is absorbed by the time the particle/flake reaches its

peak temperature [145,178]

q=i E(m, ) =(7,., -7, ) pe, =, (511

where A, is the laser wavelength, 0 is the laser fluence, and Tpex is the particle peak temperature, which shows
that the peak temperature increases nearly linearly with increasing fluence. The nanoparticle/flake volume ap-

pears on both sides of the Equation (5.11) and therefore any particle-size influence cancels out.
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Figure 58 Peak temperatures and peak incandescence of FLG and soot at 797 nm versus laser fluence. (a) fluence
curves between 0.36-9.95mJ/mm? Shaded green area denotes the low fluence/linear regime, yellow: moderate
fluence/transition regime, red: high fluence/plateau regime; (b) low fluence/linear regime (<1 mJ/mm?), enlarged.
FLG flakes heat up to higher temperatures than soot particles at the same laser fluence and reach the sublimation
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eye.

When comparing the experiments for soot and FLG conducted at the same low laser fluence below
1.0 mJ/mm?(Figure 5.8 b), FLG reaches higher peak temperatures. By analyzing the Equation (5.11), it is noted that
the gas temperature was the same for the soot and FL.G experiments. Theoretical calculations and experiments
show that at temperatures above 100 K the specific heat capacity of graphene matches that of graphite [5,179],
where the latter is being commonly used as reference material for soot LII [145,167].

Therefore, the higher peak temperatures of FL.G compared to soot at the same low laser fluence indicates that
either: (i) FLG absorbs radiation at 1064 nm more efficiently than soot, i.e., having larger E{mios.); Or (ii) the as-
sumptions used to derive the spectroscopic model, i.e, the Rayleigh approximation and a spectrally-uniform
E[m,)are faulty. The Rayleigh approximation for crumpled FLG flakes was shown to be valid using the RDG and
DDA simulations in Chapter 4. The £{m ) approximation is less obvious. Several studies reported a nearly-uni-
form A{m})of flat graphene between 400 and 800 nm [126,128,180-182],although, admittedly, the refractive index
of crumpled FL.G may behave differently from flat graphene sheets. Experiments with aerosolized crumpled FL.G
flakes presented in Chapter 3 showed E{m ;) < A°* in the A range of 370-950 nm. However, it was unclear
if that effect was caused by the material alteration due to the aerosolization. Even so, when calculating a tempera-
ture trace assuming Am ) &< A°*, the peak temperature is 4475 K (Figure 5.9), which is even higher than if assum-
ing Amj)=const (4135K). Hence, a wavelength-dependent £{m ) would enhance the discrepancy between the
peak temperatures of crumpled FLG and soot.

The only explanation left that could explain the different peak temperatures is the larger £{m;es.) of crum-
pled FLG flakes compared to that of soot particles. In Chapter 4, it was shown that the aerosolized crumpled FGL
absorbs visible light more efficiently than soot, though, the effect of the aerosolization process was uncertain. In

thischapter, the crumpled FLG aerosols were probed by sampling them pneumatically downstream of the reactor,
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Figure 59 Temperature traces of an FLG aerosol calculated using different A{mj). Laser fluence:
1.35+0.06 mJ/mm? Wavelength-dependent Am ) of aerosolized crumpled FLG flakes was measured with an

aethalometer, as presented in Chapter 4, and resulted in a higher peak temperature compared to Am ) = const.

i.e, without external aerosolization, and the same effect of more efficient light absorption (at 1064 nm) was ob-
served. To conclude, the crumpled FLG flakes have a larger A{mioss) compared to soot, and thus heat up to higher
peak temperatures at the same laser fluence.

In the high fluence regime (red in Figure 5.8), the LII signal reaches its maximum intensity after which it
drops due to the reduced nanoparticle mass caused by evaporation. The laser-induced evaporation threshold, i.e.,
theablation threshold, isan important materials parameter in different applications, including laser lithography,
laser machining, and laser sputtering. For crumpled FLG fakes, the incandescence signal peaks at approximately
2-2.5m]J/mm? while for soot aerosol the incandescence signal reaches its maximum at about 5 mJ/mm? The py-
rometric temperature increases at a much slower rate at high fluences also due to evaporation, and eventually
“plateaus” at the temperature of around 4250 K for both materials. For FL.G, this transition occursata laser fluence
of approximately 2-2.5 mJ/mm? while for soot particles it occurs at approximately 5 mJ/mm? This observation
again suggests larger £{mi.) of crumpled FLG flakes at 1064 nm compared to soot.

Overall, the distinct response of laser-heated FL.G flakes and soot nanoparticles suggests a mechanism for
classifying carbonaceous nanoparticle types within the aerosol phase. The distinction can be assessed by compar-
ing key LII characteristics: The conduction cooling rates that are related to the particle SSA, and the laser fluence
curves that are linked to the material absorption cross-section at the laser wavelength. The ability to distinguish
FLG from other carbonaceous nanomaterials is particularly important for the gas-phase synthesis routes since a
range of particle types are possible within the reactor depending on the local stoichiometry and operating condi-

tions.

5.2.2 Mass and volume fraction measurements

The second set of LIl measurements was carried out at the Metrology Lab of the National Research Council (NRC)
in Ottawa using the apparatus shown in Figure 510. The FLG powder synthesized in the plasma reactor was dis-

persed in pure ethanol (= 99.5% purity) and ultrasonicated for 15 minutes to form a nanocolloid. The graphene

Musikhin, 2022 54 Chapter 5



Exhaust

- DMA
Electrostatic q.

= classifier
Air ] d.
N .

Catalytic stripper

LII-300

CAPS PMssa Monitor
660 nm
=@ _

Figure510 Experimental setup used to measure FGL aerosol mass concentration (volume fraction). HEPA: high-
efficiency particulate air filter, CPC: condensation particle counter, CAPS PMga monitor: Cavity Attenuation
Phase Shift Particulate Matter Single Scattering Albedo monitor, LII-300: commercial laser-induced

incandescence measurements device.

nanocolloid was then nebulized using a Collison nebulizer (Model 3076, TSI Inc.) in recirculation mode, with fil-
tered air at a pressure of 241 kPa as the motive gas. The nebulizer output was split between a sampling line and an
exhaust line at atmospheric pressure equipped with a high-efficiency particulate air (HEPA) filter.

The FLG-ethanol aerosol was passed through an electrostatic classifier (TSI model 3080, TSI Inc.) equipped
with along differential mobility analyzer column (DMA) used as a dilution system as suggested by Owen et al [86].
The sample flow of 1.5 standard liters per minute (slm) was diluted with 1.5 slm of sheath air flow. The DMA size
selection was centered at 200 nm (for aerosol size classification, see Section 4.1), but, because of the small sheath-
to-sample flow rate ratio, flakes of a relatively wide mobility diameter range may pass through the DMA. The
diluted FL.G aerosol then went through a catalytic stripper (CS 10, Catalytic Instruments) operated at 350 °C, fol-
lowed by a diffusion dryer to remove semi-volatile particulate matter, ethanol, and water from the aerosol. The
dried graphene aerosol then passed through a HEPA filter bridge, which was used to control the flake number
concentration, and thus the mass and volume fraction of the aerosol.

The aerosol flow was subsequently split between a condensation particle counter (CPC, TSI model 3776, TSI
Inc.) operated at 0.33 slm, an LII-300 instrument (Artium Inc.) operated at 0.94 slm, and a cavity attenuation phase
shift particulate matter single scattering albedo monitor (CAPS PMgss 660 nm, Aerodyne Inc.) operated at
0.94 slm. The CPC measures particle number concentrations by laser-light scattering and the CAPS PMgsa monitor
measures the absorption coefficient of the nanoparticle, which is taken to be proportional to the mass concentra-
tion in the Rayleigh regime [103,183]. Hence, the CAPS PMgsa monitor provides an independent way of measuring
the flake mass fraction. Both devices were described in more detail in the aerosol characterization study in Chap-
ter 4.

The Artium LII-300 system uses an Nd:YAG, 1064 nm, 15 ns FWHM laser operated at 10 Hz for particle heat-
ing. An aperture and a relay imaging system shape the laser beam into a 2.85 mm? square top-hat profile at the
probe volume, asshown in Figure 5.11. The incandescence signals were detected by two photomultipliers equipped

with bandpass filters centered at 442 and 716 nm with 46 and 40 nm FWHM respectively.
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Figure511 Averaged laser energy distributionsat different fluencesin the probe volume when using the LII-300

instrument (Artium Inc). The resulting profiles are close to top-hat.

Allinstrument flows were verified using a Gilibrator-2 flow standard (Sensidyne) and corrected for the tem-
perature and pressure. The devices were connected using electrically conductive carbon-impregnated silicone tub-
ing toavoid electrostatic particle losses.

Figure 512 shows the magnitudes of the LII signals at two detection wavelengths and absorption coefficients
ininverse meters measured with the CAPS PMgsa monitor versus an absolute number of flakes per cubic centime-
ter measured with the CPC. The laser fluence of 2.04 mJ/mm?was chosen so that it is close to the peak temperature
plateau regime (Figure 5.8), as in this regime the LII signal intensity remains relatively insensitive to small fluc-
tuationsin the laser energy [146]. The error bars in both directions, which correspond to the standard deviation of
the mean, are too small to be seen in the figure.

Figure 512 shows that the inferred absorption coefficient, Biseconm, varies in linear proportion to the flakes
loading in the aerosol. The peak incandescence also varies in proportion to both the CPC-derived number density
and the absorption coefficient. This highlights the potential for LII to provide highly spatially (~1 mm) and tem-
porally (20 Hz) resolved measurements of graphene aerosol mass and volume fraction. However, one must note

that for quantitative measurements, the setup needs to be calibrated by either using a system with a known parti-
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Figure 512 Magnitude of the incandescence signals (LIT) and absorption coefficients (CAPS PMsgs,) at different
flake concentration levels. The solid lines are the linear fits to the data. Error bars, which denote the standard

deviation of the mean, are too small to be seen.
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cle volume fraction, e.g., target flames and aerosol generators, or with an independent concentration measure-
ment, e.g., using the CPC as shown here. A calibration-independent volume fraction measurements are also possi-
ble by measuring the absolute LIT signal and comparing it to the theoretical incandescence per particle, which has
been done for soot [146]. In the case of FLG aerosols, that would require a comprehensive spectroscopic model that
quantitatively connects the spectral absorption cross-section of flakes with their morphology, such aslateral size,

thickness, crumpledness, etc.

5.2.3 /n situ measurements of the specific surface area

The third set of TiRe-LII experiments on crumpled FLG aerosols has been carried out in situin the microwave-
plasma reactor at various heights above the nozzle (HAN), as shown in Figure 5.13. The spatially-resolved meas-
urements in the post-plasma region enable probing the evolution of flake morphology, in particular, specific sur-
face area (SSA). The SSA is a general material property defined as the surface area per unit of mass (m?/g). In the
context of TiRe-LII, the SSA is the surface area of a particle/flake available for conductive heat transfer, Acong, per
unit of mass.

An ideal defect-free single-layer graphene has an SSA of 2630 m?/g [3]. However, in practice, flakes may con-
sist of several graphene layersand be partially crumpled, which decreases the SSA. Hence, the SSA of graphene can
be a marker of flake thickness and level of crumpledness, all of which demonstrated a significant influence on
FLG performance in multiple applications[30,78,80,144]. Since the SSA is a key performance metric for graphene,
aquick and reliable technique for measuring this parameter is desired. Moreover, there is still no detailed under-
standing of the dynamics of graphene crumpling within gas-phase reactors, e.g., it is not clear if the crumpling
occurs in the gas-phase or after the flakes were sampled on a filter surface.

Various techniques are available to measure the SSA, e.g., BET and TEM. However, BET is an ex situ tech-
nique and requires hundreds of milligrams of a sample. TEM is also an ex situ and time-consuming analysis;

moreover, it can only be used to determine the projected surface area and not the crumpledness of the particle.

to filter

244 mm HAN

194 mm HAN
174 mm HAN

0 mm HAN

gases in

Figure 513 Half section of the gas-phase microwave plasma reactor with the TiRe-LII measurement positions

shown asred crosses at different heights above the nozzle (HAN).
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TiRe-LII can measure the SSA of the nanoparticle online and in situ. The flake SSA can be estimated based on the
inferred conduction cooling rate, due to gas molecules scattering on the accessible flake surface. When folded or
crumpled, the SSA of the flake reduces, which decreases the conduction cooling rate.

Two aerosols were investigated: FLG flakes synthesized using 164 sccm of ethanol, and soot particles formed
using 74 sccm of toluene. The synthesis principle and the selection of precursors and operating conditions are ex-
plained in Chapter 3. In both cases, the microwave power was set to 1.6 kW and the pressure inside the reactor to
700 mbar, which gives an acceptable tradeoff between particle torch stability (Figure 3.2, inset) and the TiRe-LII
signal-to-noise ratio. The TiRe-LII measurements were carried out at three HAN: 174, 194, and 244 mm (Fig-
ure 5.13). The choice of measurement positions was intended to cover the range of flake morphologies as they form
and grow downstream of the plasma but was also dictated by the limitations of optical access. The lowest position
that permits optical access was 174 mm HAN. The TiRe-LII excitation and detection setups used here were the
same as in Section 5.2.1 (Figure 5.2 and Figure 5.4) except the flakes were probed inside the gas-phase reactor and
not in the test cell. For each experimental run, 200 signals, i.e.,, signals within 20 s, were collected.

The conduction regime depends on the Knudsen number, Knn = A,/ L. Considering the process gas flow rates
(45 slm of Ar, 1slm of Hy), here, the atmosphere was modeled as consisting entirely of Ar. The mean free path of
Aris~800 nm when adapting an expression for an ideal gas at the experimental conditions used here [165], and the
characteristic flake size is ~300 nm (Figure 3.7). Hence, Kn > 1, which means that the conduction heat transfer oc-
curs in the free-molecular regime. In that case, if the conduction is the dominant heat transfer mechanism, the

particle energy balance can be written, as per Equations (5.7) and (5.8):

ngg dy;
qcond =—aA T (T —7;):1]1 c s (5].2)

cond P PP dl_
8

where gas properties were taken for Ar; p, = 700 mbar; gas temperatures, 7;, were taken to be pyrometrically deter-
mined pyrometrically-determined particle temperatures before the laser pulse. The same TiRe-LII detection setup

was employed to collect the incandescence from particles before the laser pulse. The SSA is then found as

4, dn(n-1)] e

m, de ap,\8k,T, [(nm,)

SSA =

(5.13)

where the d[In(7,- T;)]/d¢ term is determined by linear regression of the corresponding temperature decay (Fig-
ure 5.14) after Liu et al. [184] and Daun et al. [185]. The o value is expected to be 0.41 + 0.05 for both graphene and
soot in Ar, based on the experimental and molecular dynamics studies of Ar-graphene interaction [185-187]. The
specific heat capacities of soot and graphene were evaluated from the Fried and Howard correlations for graphite
[188]assuming + 10 % uncertainty.

The TiRe-LII signals were analyzed in the timespan of 150-400 ns after the peak incandescence to avoid any
evaporation cooling and signal contamination from non-thermal types of emission [177,189], which typically oc-
cur in the first tens of nanoseconds after the laser pulse. Thus, the studied time region of 150-400 ns after the peak

incandescence relates to the effective temperature curve driven solely by the conduction heat transfer.
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Figure5.14 Mean temperaturesof crumpled FLG flakes inferred with the TiRe-LII, semilog-scale. Measurements
were conducted at different heights above the nozzle representing different flake morphology. Zero timestamp
corresponds to the peak incandescence. The 150-400 ns part of the curves was linearly fitted to yield d[In(7}-
Ty)]/dtvalues required for the SSA calculation.

In addition to three experiments conducted inside the reactor, a further experiment was carried out at a dis-
tance of approximately 15 m from the reactor in a measurement cell, as described in Section 5.2.1. The aerosol was
synthesized in an identical manner and was transferred through a 15-meter vacuum-tight tube to the cell where
it was probed with TiRe-LIL That experiment was conducted at 400 mbar pressure in Ar atmosphere and
Tg =298 K, which results in a free-molecular conduction regime. Some of the experimental parameters and corre-
sponding SSA values are listed in Table 5.1. The errors denote the standard deviation of the mean. The SSA lower
and upper bounds (LB, UB) were found by calculating the SSA values for all the experiments with the standard
deviations of the mean propagated from Equation (5.13) and taking the lowest and highest obtained values.

Figure 515 shows that the SSA of FLG flakes is consistently larger than that of soot particles and that for
both aerosols, the SSA decreases with HAN. For graphene, larger SSA compared to soot is expected since it isa 2D
material with a high surface-to-mass ratio. The decrease of SSA with HAN can be explained by the increasing
number of graphene layers and flake crumpledness. When crumpled, the surface area of a flake available for con-

ductive heat transfer decreases, while its mass remains the same, i.e., the SSA decreases. When the flake grows in

Table 51 The experimental parameters and corresponding SSA values of FLG flakes and soot particles as

calculated from Equation (5.13). LB and UB denote the lower and upper SSA bounds.

HAN/ T;/K P/ mbar Mean SSA (LB, UB) / m?/g
mm FLG soot FLG soot FLG soot
174 2050 = 50 1650 = 50 700 700 800 (616,997) 335(248,473)
194 1900 + 50 1500 + 50 700 700 720 (488, 894) 236 (122,351)
244 1750100 1200 = 200 700 700 350 (219, 568) 195 (147, 241)
15000 298+5 298+5 400 400 86 (65,120) 111(62,172)
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Figure5.15 Specific surfaceareasof FLG flakes and soot particles probed with TiRe-LII at different heightsabove
the nozzle (HAN). Shaded areas denote the BET analysis of powders sampled from the filter. HAN 15000 mm
represents an experiment in which the aerosol was pneumatically sampled from the reactor to a measurement

cell through a ~15-m tube. The error bars denote the lower and upper bounds of SSA.

thickness, i.e., the number of graphene layers increases, the flake mass increases, while the active surface area re-
mains the same, i.e.,again, the SSA decreases. For example, an ideal defect-free single-layer graphene hasan SSA of
2630 m?/g [3], which is approximately three times larger than what was measured here at 174 mm HAN. A flat
flake should consist of 3 layers to have the SSA of 877 m?/g, which is within the range of what was measured. How-
ever, another flake with the same SSA can consist of less than 3 layers and be crumpled. The TiRe-LII diagnosticis
not able to distinguish between two such flakes.

Todecouple theinfluence of thickness and crumpledness on graphene SSA, thermophoretic sampling at dif-
ferent HAN was carried out. The sampling procedure and detailed TEM analysis are beyond the scope of this thesis
and aredescribed elsewhere[190]. Here, thermophoretic TEM sampling was used asa tool complementary to TiRe-
LIL Flakes collected at HAN =124,144,194, and 244 mm and analyzed with TEM are shown in Figure 5.16, upper
row. The images show that initially, at the lower HAN, flat and thin graphene sheets are formed. However, due to
thermal vibrations, defects,and edge instabilities, the freestanding flat graphene sheets become unstable and tend
to crumple [136], which is depicted here in samples collected at HAN above 124 mm. The number of observed
flakes that are entirely flat drastically decreases with increasing HAN. Regarding the thickness of the sheet, no
significant change was observed in samples between 144-244 mm HAN. Therefore, the decrease of graphene SSA
measured with TiRe-LII between HAN =174-244 mm (and further to ~15 m)should be mainly explained by flakes
getting more crumpled. That observation also suggests that the flakes crumple in the gas phase while moving
downstream of the post-plasma region, and not on the surface of the membrane filter or TEM grid, upon which
the flakes are deposited. Overall, these results demonstrate that TiRe-LII can measure graphene SSA in situ, which
can be an indication of flake crumpledness when independent data on flake thickness are available.

For soot aggregates consisting of spherical primary particles, initial nuclei are formed through the cluster-
ing of moderate-size polyaromatic hydrocarbons into curved structures [191]. That early stage of soot formation

cannot be probed with TiRe-LIIand TEM. Further surface and mass growth can be explained by the H-abstraction
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Figure516 TEM images of FLG flakes and soot particles sampled thermophoretically inside the plasma reactor
at different HAN. Graphene flakes initially form as flat sheets and then crumple downstream the gas flow. Soot

particles slightly grow in diameter and additionally coalesce and aggregate with HAN.

C;Hy-addition (HACA) mechanism, sedimentation of other gaseous species on the particle surface, coalescence,
oxidation, and aggregation [191]. The growth of a primary spherical soot particle causes its surface area and mass
to increase with diameter, SA, X %, m, X d,’. Hence, the SSA = SA,/m, X d, . Analysis of TEM images (Fig-
ure 5.16, lower row) shows that soot particles slightly grow in diameter [190], although not enough to explain the
decreasing SSA trend. The decrease of soot SSA with HAN shown in Figure 515 is much steeper than d, *. This
effect isattributed to particle coalescence and aggregation, which lead to merging and shielding effects, hence fur-
ther shrinking of the SSA. Asis the case with the FL.G flakes, TiRe-LII cannot differentiate between the primary
particle growth and merging/shielding effects. In general, the combined TiRe-LII and TEM analysis revealed that
primary soot particles grow and experience coalescence and aggregation throughout the whole measurement re-
gion.

Figure 515 also shows the SSA values of FL.G and soot powders measured with BET (shaded areas). The BET
analysis was performed several times for powders synthesized at 700 and 1000 mbar and yielded SSApic = 290-
340 m?/g and SSA e = 100-130 m?/g. Since the BET measurements were performed on the powders, i.e., flakes/par-
ticles in their final morphological state, it is reasonable to compare the results with TiRe-LII measurements per-
formed either at HAN ~15m or HAN =244 mm, and not at lower heights inside the reactor where aerosols still
experienced morphology changes, as shown in Figure 5.16. Nevertheless, the comparison between the two meth-
ods is not straightforward.

The fundamental difference between BET and TiRe-LII is that the BET-measured surface area includes
pores, while TiRe-LII measures only the active surface area, which can be “reached” by surrounding gas molecules.
Considering that the FL.G flakes and soot particles synthesized in this work appear to have a porous structure with
parts of surface area that likely do not participate in the conductive heat exchange, the BET SSA could be larger

than that of TiRe-LII. Apart from that, the flakes and particles at HAN =244 mm, although visually similar to
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what was sampled further downstream with the electrostatic precipitator (Figure 3.7), could still go through sub-
sequent morphology changes when cooling down from elevated gas temperatures to room temperature. In that
case, it would be logical tocompare BET results with TiRe-LII at ~15 m. However, while being transferred from the
reactor to the test cell at HAN ~15 m, the smaller flakes and particles likely diffused to the pipe walls[192], leaving
larger particles with smaller SSA in the aerosol, which were subsequently probed with TiRe-LII. Unfortunately,
no electrostatic precipitation sampling was carried out at HAN ~15m, which could help resolve morphology un-
certainties discussed here.

Keeping in mind the discussed issues, Figure 515 shows a reasonable SSA agreement between the BET and
TiRe-LII for soot. Between HAN = 244-15000 mm, TiRe-LIT SSA. was estimated to be 111-195 m?/g, while BET
SSAt =100-130 m?/g. In the case of FLG flakes, the BET SSAy; ¢ = 290-340 m?/g was closer to the one probed with
TiRe-LII at HAN =244 mm (mean of 337 m?/g), while overestimating the TiRe-LII results at HAN ~15 m (mean of
86 m*/g) by 3-4 times. Such a significant drop of SSAs ¢ between HAN =244 mm and ~15 m likely occurred due to

the discussed above flakes losses in the 15-m long transfer line.

5.3 Conclusions

This chapter showed how the TiRe-LII technique can be used to characterize FLG aerosols. First, it was demon-
strated that crumpled FLG flakes absorb laser light at 1064 nm and emit broadband thermal radiation. Further,
the LII signal magnitude was found to be linearly dependent on the FL.G flake number concentration, suggesting
the use of the technique for quantitative mass and volume fraction measurements. Finally, using TiRe-LIL, the
evolution of FLG flakes morphologies was analyzed through 7n situ SSA measurements, which can be translated
intothe estimate of flake crumpledness. In the context of gas-phase graphene synthesis, the graphene sheets, while
initially flat, lose their mechanical stability and crumple in the gas flow before being sampled on a filter or TEM
grid for further analysis.

Additionally, graphene LII response was compared to that of soot aggregates. Pyrometric temperatures were
obtained from the temporally- and spectrally-resolved LII signals, and the differences in temperature evolutions
between FLG and soot were attributed to the larger A{mioes) and SSA of FLG. These results are consistent with the
other diagnostics used in this thesis. The BET analysis confirmed a larger SSA of FLG compared to soot. The aerosol
optical properties measurements presented in Chapter 4 showed that MACg g ; is larger than MACq,2 between
370-950 nm. Consequently, the results presented in this chapter demonstrate the potential for TiRe-LII to differ-

entiate graphene flakes from soot particles online.
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Chapter 6
FTIR diagnostics

This chapter presents the use of Fourier-transform infrared (FTIR) spectroscopy asan in situ line-of-sight absorp-
tion technique to investigate graphene synthesis in the microwave plasma. While TiRe-LII focuses on the particle
phase, FTIR spectroscopy allows identifying and quantifying gaseous species involved in the synthesis, thus
providing insight into the process kinetics.

The FTIR absorption spectroscopy involves an IR-light source that shines radiation through a sample at
multiple frequencies simultaneously using a Michelsen interferometer. Different species that are present in the
sample or along the line-of-sight absorb IR radiation at frequencies that induce their characteristic rovibrational
states and hence, different transmission spectra are produced, which are recorded with an IR detector. The absorp-
tion peak positions in the recorded spectra provide information on the sample's chemical composition while the
intensity and FWHM of peaks allow for measuring species concentrations and temperatures. In this work, the IR
beam is guided through the synthesis reactor, where graphene and multiple gaseous by-products are formed, thus
allowing to obtain information on the process kinetics 7n situ.

Earlier attempts were made to use FTIR in the context of gas-phase graphene synthesis [55-57,63,193], how-
ever, these studies focused on measurements in the reactor off-gas. Here, spectrally-resolved line-of-sight absorp-
tion is measured in the reactor zone where, presumably, the graphene flakes nucleate and grow. Measurements in
the reactor zone are combined with measurements across the graphene-containing product aerosol in the reactor
off-gas. Toman et al.[56] used an FTIR to investigate the influence of ethanol flow rate and delivered microwave
power on the formation of gaseous species. Results presented in this chapter expand on that study by examining
different precursors that lead to the formation of either soot particles or crumpled FLG flakes and analyzing the
correlation between particle morphology and FTIR results. A comprehensive parametric study of precursor
chemical composition, i.e., C/H/O atomic ratio, precursor flow rate,and delivered microwave power is also carried
out. Results are compared with chemical kinetics simulations and mass spectrometry measurements. The quanti-
tative FTIR data presented in this chapter reveal the factors responsible for reaction shift from soot particles to-
ward FLG flakes; this information provides a foundation for controlling the particle morphology. The findings of

this study may also be useful for the validation and development of graphene formation mechanisms.

6.1 FTIR apparatus

Figure 6.1 shows the schematics of a setup used for the 7n2 situ line-of-sight FTIR absorption measurements. Meas-
urements were done in two positions in the reactor, regarded here as “upper” and “lower” measurement positions
(although not simultaneously). The lower position was located 26 cm downstream of the nozzle, i.e., 17 cm down-

stream of the plasma zone, and the optical access was achieved with nitrogen-flushed KBr windows installed as a
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Figure 6.1 Sketch of the plasma reactor and schematics of the 7n situ Fourier-transform infrared absorption
measurement. Measurements were performed in two positions in the reactor: 26 cm (denoted as “lower”) and 170-
234 cm (denoted as “upper”) downstream of the nozzle. The absorption paths were 15.3 and 64 cm for the lower
and upper measurement positions, respectively. A liquid-nitrogen cooled mercury cadmium telluride (MCT)

detector was used.

cross-piece to the reactor housing. The extended cross-piece parts were shielded from the inner tube with a metal
plate leaving a 5 cm x 1.5 cm open rectangle for the optical beam passage (Figure 3.2), thus limiting the absorption
pathlength to the inner tube diameter of 15.3 cm. In the upper position, the synthesized particles and the gaseous
species pass through a 64 cm-long horizontal tube located 170 cm downstream of the nozzle, which is also
equipped with nitrogen-flushed KBr windows on both ends.

In both measurement positions, the mid-infrared beam from the FTIR spectrometer (Bruker Vertex 80) was
guided with gold mirrors (Thorlabs Inc.,) through the reactor and then focused with an off-axis parabolic gold mir-
ror (Thorlabs Inc.) on aliquid-nitrogen cooled mercury cadmium telluride (MCT) detector (Bruker). Background
spectra for the particle-free case were recorded at the same pressure and temperature as the measurements by flow-
ing Ar, H,, and N, through the reactor and turning the plasma on. No IR-absorbing or emitting species were ob-
served during the background scans in the 400-8000 cm ™ range. Thus, the background measurements accounted
only for the atmospheric absorption by H,O vapor and CO, present in the beam optical path outside of the reactor.
Overall, over a timespan of a few minutes, 16 background and 16 measurement spectra were recorded and aver-

aged. The spectral resolution was varied between 0.1and1cm™.

6.2 Temperature distribution in the reactor

To determine the temperature profile along the reactor center line (direction of the gas flow), measurements were
carried out via optical emission spectroscopy (OES), FTIR spectroscopy, and using thermocouples at several posi-
tions inside the reactor (Figure 6.2 a). Section 6.4.2 discusses how gas temperature at the lower and upper measure-

ment positions change with microwave power and precursor type while thissection presents only the temperature
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Figure 6.2 (a) Sketch of the plasma reactor and the gas temperature profile along the direction of the flow. The
vertical axis shows the distance from the nozzle tip in centimeters. The reactor wasoperated at 1.4 kW microwave
power using ethanol as a precursor. Ethanol was delivered into the reactor at 453 K. OES measurements carried
out at HAN = 8-10 cm yielded 3800 + 200 K rotational temperature for the electronically excited OH* and Cy*
species. FTIR measurementsat HAN = 26 cm and HAN =170-234 cm yielded 560 = 50 and 450 = 20 K, respectively;
(b) Radial temperature distribution at HAN = 26 cm as measured with a thermocouple; (c) Temperaturesat HAN

=185and 215 cm measured with a thermocouple.

profile along the central line for Case 1 with ethanol. First, the precursor mixture was heated inside the CEM unit
to 453 K and injected into the reactor through the nozzle. The gases reach the microwave resonator approximately
5 cm downstream of the nozzle tip, where the Ar/H, plasma is sustained. In the prior work [55], using optical emis-
sion spectroscopy, a rotational temperature of 3800 + 200 K was determined for the electronically excited chemi-
luminescence species OH* and C,* at approximately ~8-10 cm downstream of the nozzle for both ethanol and tol-
uene precursors using microwave powers between 1.2-1.6 kW. The gas temperature was considered to equal that of
the excited species in the plasma region, as plasmas at atmospheric pressures are known to be in local thermody-
namic equilibrium due to high species collision rates [194]. The high-temperature plasma region was assumed to
have a constant temperature over the whole length of the resonator [195], which, for this reactor, corresponds to 5-
13 cm from the nozzle. After leaving the plasma zone, the gas temperature drops sharply in a manner that depends
on both the precursor type and the microwave power, as measured by the FTIR following the procedure described
in Section 6.4.2. The estimated gas temperature 26 cm downstream of the nozzle for the ethanol case at 1.4 kW
power was 560 + 50 K, further dropping to 450 = 20 K at a distance of 170-234 cm from the nozzle.

The FTIR measurements were deployed in this work as a line-of-sight diagnostic. Hence, the FTIR-derived
temperature corresponds to a path-averaged temperature, and the true temperature may vary considerably along
the absorption path. To determine the possible temperature distributions along the absorption paths, spatially
resolved thermocouple measurements were carried out at both measurement positions, and the obtained data
were corrected for radiative losses as described in Appendix A. Figure 6.2 b shows the radial temperature distribu-
tion (470-820 K) in the lower measurement position. An N-type thermocouple (1 mm diameter) was inserted into

the reactor and the radial profile was measured by gradually traversing the thermocouple across the reactor. In
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the upper measurement position (Figure 6.2 c),a K-type thermocouple (1.5 mm diameter) was alternately installed
185and 215 cm downstream of the nozzle with the thermocouple tip located in the center of the gas flow. These
measurements yielded a temperature drop of 20-40 K between the two positions depending on the precursor type
and microwave power. Therefore, the gas temperature variation along the absorption path in the upper measure-

ment position (HAN =170-234 cm) was expected to be within 40-70 K.

6.3 Kinetics simulation of gas-phase products

Numerical simulations were carried out using Ansys Chemkin-Pro 2020 to predict potential gaseous products of
the process, identify possible markers indicating FL.G or soot particle formation, and compare the results with
experimental findings. The reactor was modeled as a one-dimensional plug flow reactor with a constant inner di-
ameter of 7 cm (as the quartz tube), constant pressure of 1 bar (10° Pa), and a fixed temperature profile, which is
described in Section 6.2. All gaseous species were considered to be at the same temperature. The species concentra-
tions were calculated by kinetically-controlled reactions. Here, the detailed chemical kinetics model from the
CRECK modeling group (“TPRF HT + LT + Alcohols”, Version 2003, March 2020, [196]) was used for all precursor
cases listed in Table 3.1. Plasma chemistry was excluded from the model. The gas flows used in the experiments
were provided as input. Since the length of the high-temperature plasma region (8 cm) was chosen based solely on
the length of the resonator and a single point OES measurement, additional numerical simulations were carried
out with the reaction zone lengths varied between 2-12 cm to probe different precursor residence times. These
simulations revealed no significant differences in the gaseous species concentrations, suggesting that the plasma
temperature of 3800 K leads to a complete and almost instantaneous precursor decomposition.

The simulation did not account for solid carbon formation. Hence, the total concentration of carbon-con-
taining gaseous species is overpredicted by the amount of carbon consumed in the solid phase. The overprediction
can be estimated by analyzing the solid material yield. The FLG yield of 1.8 wt.% was measured when using
190 sccm of ethanol (Case 1 here) [55]. If adopting that yield to the current study, it corresponds to ~122 ppm of
atomic carbon. When using C,H./H»O mixtures, the solid carbon yields were decreasing from 6.5 wt.% when no
water was added (Case 3 here) to 1.5 wt.% for the highest water flowrate (Case 6) [55], which corresponds to atomic
carbon concentrations of ~442 and ~102 ppm, respectively. Therefore, for the cases when FL.G or FL.G and soot
particles mixtures were produced, the solid material formation is not considered a significant sink for carbon at-
oms. In the case of toluene, the yield of soot particles was more significant, up to 36 wt.%[55]. When using 54.3 sccm
of toluene (Case 2), such a mass production rate corresponds to ~2448 ppm, if soot particles are assumed to consist
only of carbon.

Figure 6.3 shows the evolution of main gaseous species concentrations along the reactor length for all six
investigated cases (Table 3.1), each having ~6800 ppm atomic carbon input into the reactor. Five temperature re-
gions with different gas-phase kinetics can be distinguished. First, the precursors are supplied inside the reactor
at 453 K. Second, the precursors approach the plasma zone and fully decompose even before the maximum tem-
perature is reached. Within that short time and space, multiple gaseous species are formed. Third, the gases reach
the plasma region with the maximum temperature of 3800 K, where all species but stable CO either fully or par-
tially decompose. Fourth, the remaining gases and decomposition products leave the plasma zone, upon which

time the temperature decays exponentially with downstream distance, and multiple stable gaseous species are
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Figure 6.3 Numerical simulations of the reaction progress based on imposed temperature profiles (Figure 6.2 a)
showing the evolution of the main gaseous species along the reactor. A universal temperature profile was
provided as a simulation input. Dashed vertical lines denote the lower and upper FTIR measurement positionsat

HAN =26 and 170 cm downstream of the nozzle, respectively.

formed. The simulations suggest that no intermediate species or radicals are present outside of the reaction zone,
as well as no changes in stable species concentrations, suggesting that the gas-phase reactions are confined to the
reaction region. The kinetic process of solid carbon growth likely occurs in the colder, fifth temperature region,
i.e, the assembly zone, which is located further downstream [63,64], in this case, ~13 cm and further. The FTIR
measurements were performed in two positions, both downstream of the reaction zone, as shown in Figure 6.3

with dashed vertical lines.
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In cases where oxygen was present in the precursor molecule, e.g., ethanol and C,H./H,0 mixtures, 99-99.5 %
of the oxygen atoms were predicted to be consumed to form stable CO molecules. Therefore, other oxygen-con-
taining species, such as H,O and CO,, were predicted to be present only at trace amounts.

In total, five stable hydrocarbon species were predicted to be present at sizable concentrations in all investi-
gated cases: CoH,, CH,, C;Hy, CuH,, and C,.H,. Simulations show that after COis formed, up to 95 % of the remaining
carbon atoms are bound as C;H, molecules. In cases with oxygen-containing precursors, C,H, concentrations were
lower than in the case of oxygen-free precursors, as otherwise some of the carbon was oxidized into CO, leaving
less available carbon to form other species. Higher concentrations of acetylene led to higher concentrations of di-
acetylene (C4H,) and 1-buten-3-yne (C4H,), which are both produced from the dimerization of acetylene. However,
the simulations suggested similar concentrations of CH, and C,H, for all investigated cases with no apparent de-
pendence on the precursor chemistry. Overall, based solely on predicted evolutions of gaseous by-products, differ-

ent carbonaceous aerosols could not be classified.

6.4 FTIR measurements

Measured intensities were converted to absorbance, Ay = In(4,0/ ), where 4,5 is the incident intensity and Z, is the
transmitted light intensity across the gas. No light emission was detected in background scans and negligible lev-
elsof IR light-induced emission are expected at the irradiation levels provided by the FTIR system. The incandes-
cence signal from the hot particles observed in the lower measurement position, after the Fourier transformation,
resulted in the noisy spectrum shown in Figure 6.4, with the intensity averaging around zero level. Hence, no cor-
rections for gas or particle emission were applied.

Figure 6.5 shows an FTIR absorbance spectrum obtained in the upper measurement position for Case 1
(190 sccm of ethanol, microwave power: 1.4 kW). At these conditions, pure FL.G was produced. However, qualita-
tively similar spectra were obtained in other investigated cases, including the lower measurement position. No

absorption bands attributable to the precursor species were detected, suggesting their full decomposition. Instead,
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Figure 6.4 Background spectrum obtained from glowing FLG flakes 26 cm downstream of the nozzle. The
intensity averages around the zero level with no apparent spectral features. Hence, no correction for the

background emission was applied to the measured absorbance spectra.
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Figure 6.5 FTIR absorbance spectrum for Case 1: 190 sccm of ethanol at 1.4 kW, i.e., FLG synthesis conditions.
Multiple gas-phase species are identified. Weak absorbance of H,O and CO, caused by unstable concentrations of

these species in the background.

multiple gaseous decomposition products were identified. The most prominent rovibrational bands of acetylene
(CoHy) were detected at 660-820,1240-1420, and 3200-3380 cm ™. The absorption band between 2020-2250 cm ™ cor-
responds to CO, while the one between 2850 and 3200 cm ™ corresponds to CH.. The peaks at 628 and 949 cm™ were
assigned to CsH,and C,H,, respectively. Weak absorbance signals of H,O and CO, were caused by unstable concen-
trations of these species in the background, which, in some experiments, also resulted in negative absorbance sig-
nals. Moreover, a detailed analysis of high-resolution spectra (0.1 cm™) showed no evidence of H,O and CO, inside
the reactor. The list of experimentally detected species matches the one predicted by simulations in Section 6.3
except for C,H, (1-butene-3-yne), which IR bands [197] were not observed in the spectra.

Since measurement positions were located before the particle filter, the resulting spectra should be affected
not only by gases, but also solid particles present in the flow. The non-zero baseline of the absorbance curve in
Figure 6.5 indicates the presence of solid material with broadband absorption, e.g., FLG. However, no IR bands of
intermediate species or initial particle formation blocks, such as poly-aromatic hydrocarbons (PAHs) and dehy-
drogenated PAHs, were detected., which is consistent with the Chemkin simulations.

To verify the species detected with FTIR, part of the reactor off-gas was directed to a quadrupole mass spec-
trometer (QMS, Hidden Analytical HALO 301) that classifies species by their mass-to-charge ratio (11/2). The sys-
tem sampled gas behind the particle filter more than 250 cm downstream of the nozzle; thus, only stable gas-phase
species were expected to be detected. The setup schematics and a typical mass spectrum (ethanol 190 sccm, 1.4 kW
power)are shown in Figure 6.6. The species identified with QMS matched those found using the FTIR, and neither
the FTIR nor the QMS detected C,H.. The mass detection range was up to 300 atomic units per single charge; how-
ever, no large-mass species, such as PAHs, were observed. In fact, atmospheric pressure microwave plasmas are ex-
pected to produce small and simple molecules due to the high number of collisions between electrons and gas mol-

ecules resulting in fragmentation [198].
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Figure 6.6 (a) Schematics of the quadrupole mass-spectrometry (QMS) measurement setup; (b) Typical mass

spectrum for Case 1 (190 sccm ethanol at 1.4 kW power). No species with m1/z> 40 were detected.

Overall, the gas-phase species detected with FTIR and QMS agreed with those predicted by numerical simu-
lations. The same species were previously reported in the FTIR and mass spectrometry studies on ethanol decom-

position in plasmas[56-58].

6.4.1 Quantitative interpretation of absorption spectra

The absorbance spectra were interpreted quantitatively using the HITRAN database [199] and fitting was per-
formed using PGOPHER software [200]. The absorption path in the upper measurement position is known (64 cm)
and the gases were considered to be homogeneously mixed based on the non-steady flow conditions, distant loca-
tion of the measurement position from the gas inlet, and the negligible temperature variation along the absorp-
tion path (Figure 6.2 ¢). Hence, the absolute gas concentrations were calculated and reported here in parts per mil-
lion (ppm) by assuming the ideal gas behavior. In the lower measurement position, the gas temperature along the
absorption path varies between 470-820 K (Figure 6.2 b). Therefore, the gases are present at a range of tempera-

tures, which implies their non-homogeneous distribution. The absorbance of each gas species is then defined as:

L L
A =In [[ [k, (s)ds= [N (s)Co, [(s)Jas=L-FC,,.,(T), 1)
v 0 0

where L is the total absorption path, k is the spectral absorption coefficient, /V is the gas species concentration,
Cunsvistheabsorption cross-section, 7"isthe gastemperature,and 7and N are the effective gas species temperature
and concentration assuming homogeneous mixing and thermal equilibrium along the absorption path.

Figure 6.7 shows the measured and simulated absorbance spectra and the fit residual for 190 sccm of ethanol
at 1.4 kW (Case1)in the upper measurement position.

The fit procedure involves several pre-processing steps. Only the main isotopes of each species were consid-
ered in the simulations, with abundances 0of 97.7 % and higher. The 660-820 and 1240-1420 cm ™ bands of C,H, were
excluded from the fit due to signal saturation and overlap with water absorption bands, respectively. The low-
resolution spectra (1 cm™) yielded inconsistent results when compared with the high-resolution spectra (0.1 cm™),
suggesting inadequate resolution to resolve the line structure of the investigated species. Hence, unless stated oth-

erwise, the high-resolution absorbance spectra were used to provide gas temperatures and species concentrations.
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Figure6.7 Simulated (pink)and measured (grey)absorbance spectra of C;H,, CO, CHy4, and C,H,. The upper graph
shows the respective fit residuals. The spectrum was obtained in the upper measurement position for Case 1:
190 sccm ethanol at 1.4 kW power. The simulation yielded the following species concentrations: C;H4: 67 ppm;
CO: 2520 ppm; CH.: 55 ppm; C,H»: 1189 ppm; and a temperature of 476 K.

Finally, before feeding the spectrainto PGOPHER, the baseline associated with solid phase absorbance (Figure 6.5)
was subtracted.

The data were fitted by accounting for line broadening and treating species concentration and mixture tem-
perature as fitting variables. A Lorentzian line shape was used, as pressure broadening is expected to be dominant
at atmospheric pressure and relatively low temperatures in the measurement positions. All peaks of each species
were simulated with the same line broadening.

Toestimate the concentration measurement uncertainty, reference measurements were conducted at room
temperature using Ar/CO mixtures with known CO concentrations (Figure 6.8). The CO content varied between
50 and 1000 ppm, and the IR spectra were recorded at 0.1 and 1 cm™ resolution. The true CO concentration error
was estimated as +5 % based on the concentration variation in the gas cylinder (as per supplier) and the calibration

of the mass flow controllers used. The resulting concentration uncertainty during the reference measurements
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Figure 68 Reference concentration measurements conducted using Ar/CO mixtures with known CO
concentrations. The true CO concentration error was estimated as +5 %. The measurement uncertainty of :t20 %

was determined.
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was estimated to be +20 %. The concentration measurements are sensitive to the molecular absorption cross-sec-
tion, and hence, the uncertainty is species- and temperature-dependent. However, for the lack of reference meas-
urements with other gases, the same +20 % uncertainty was applied to all species. It is difficult to estimate the tem-
perature uncertainty as no reference measurements were done at temperatures other than room temperature, in

which case the deviation was found to be less than 2 %.

6.4.2 Temperature measurements

Figure 6.9 shows gas temperatures measured in two positions in the reactor for different precursors versus micro-
wave power. Temperatures were estimated with three approaches. The FTIR absorbance spectra were fitted with
temperature as a fitting parameter (Figure 6.9 a-c). The Boltzmann plots were calculated using the 2020-2250 cm™*
rovibrational band of CO (Figure 6.9 d), for the calculation details see Appendix B. In the third approach (Fig-
ure 6.9 a), a K-type thermocouple was inserted in the center of the gas flow 185 cm downstream of the nozzle.
Figure 6.9 ashows that gas temperatures in the upper measurement position increase with microwave power.
This observation applies to both the ethanol and toluene, suggesting that increasing temperatures in the plasma
zone elevates the temperature of the gases downstream. Thermocouple measurements at 185 cm HAN were con-
sistently lower than the FTIR-derived ones by 30-50 K, even after correcting for radiative losses (see Appendix A).

The discrepancy could be caused by neglecting conductive heat transfer losses along the thermocouple wires [201]
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Figure6.9 Gastemperatures versus microwave power.(a) Case1 (190 sccm ethanol) and Case 2 (54.3 sccm toluene)
in the upper measurement position; (b) Case 1 (190 sccm ethanol) in the lower measurement position; (c) Cases 3-
6 (CoH4/H,O mixtures) in the upper measurement position; (d) typical Boltzmann plots calculated for the 2020-
2250 cm™ rovibrational band of CO. £i: lower state energy; ky: integrated spectral absorption coefficient; v:

wavenumber; By, Einstein coefficient; gi: lower-state statistical weight.
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and the temperature variation along the tube, which was estimated to be less than 70 K, as determined in Sec-
tion 6.2. Additional calculations confirmed that the 70 K temperature deviation hasan insignificant effect on spe-
cies concentrations compared to the experimental uncertainty. It can also be seen that gas temperatures were
higher when ethanol was used as a precursor compared to toluene. This is attributed to the large differences in
radiative heat losses, i.e., different particulate volume fractions produced in the ethanol and toluene cases, which
isimplied by mass rate productions of FL.G (0.2-0.4 g/h) and soot (2 g/h).

Figure 6.9 b shows gas temperatures versus microwave power at the lower measurement position, where the
unsteady flow environment resulted in a large scatter of derived temperatures. However, linear regression reveals
aslight temperature increase with increasing microwave power as one may expect [59]. Figure 6.9 ¢ shows gas tem-
peratures increasing with microwave power for Cases 3-6, C,H4/H,O mixtures with different ratios of H,O. Add-
ing water to the reactants did not affect the gas temperature, which is consistent with the prior work [55].

Figure 6.9 d shows CO Boltzmann plots calculated for some typical measurements: room temperature vali-
dation (290 K), Case 1 upper position at 1.4 kW (465 K), Case 5 upper position at 1.4 kW (434 K), and Case 1 lower
position at 1.2kW (577 K). The CO temperatures were in excellent agreement with the FTIR-derived ones, obtained
by fitting the multiple species spectra simultaneously (Figure 6.9 a-c). Overall, the FTIR absorbance spectra

yielded reliable temperatures as confirmed by thermocouple measurements.

6.4.3 Gas-phase species concentrations as a function of the precursor flow rate

Figure 6.10 shows the changes in gas temperature and species concentrations in the upper measurement position
versus the ethanol flow rate (Case 1). All experiments were done at a microwave power of 1.4 kW. The shaded areas

denote the experimental concentration uncertainty of +20 % determined from reference measurements as de-

scribed in Section 6.4.1.
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Figure 6.10 Species concentrations and gas temperature versus the ethanol flow rate (Case 1). All experiments
were done at 1.4 kW microwave power. Solid symbols: FTIR measurements; shaded areas: experimental
uncertainty; open symbols: numerical simulations. The gas temperature (dark red stars) shows no significant

dependence on the ethanol flow rate.
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No ethanol was detected or predicted, even at the highest ethanol flow rate, indicating its complete decom-
position. Consequently, as the amount of ethanol supplied to the reactor increases, there is a corresponding in-
crease in ethanol decomposition products measured with FTIR. The gas temperature of 440-450 K, on the other
hand, was found to be independent of the ethanol flow rate. This is expected since the enthalpy of the products is
dominated by the sensible energy of the inert co-flow gases of Ar and N,, which contribute to > 99 % of the mass of
the gas flow. Toman et al. [S6] reported similar observations, although operating the reactor at smaller microwave
powers and smaller precursor flows. The CO absorption signal was saturated at ethanol flow rates higher than
190 sccm (> 3000 ppm), which resulted in a poor fit, so these data were excluded from further quantitative analysis.
No CO, or H,O were detected or predicted in sizeable quantities at any investigated conditions.

The measured product species concentrations were compared with the simulations (Figure 6.10, open sym-
bols). Similar to the experimental data, the simulations predicted a linear increase in concentrations of CO, C,Ho,
C,H,,and C.H, with increasing ethanol flow rate. However, the CH, concentration was predicted to decrease with

the ethanol flow rate, while the opposite trend was observed in the measurements.

6.4.4 Gas-phase species concentrations from experiments with ethanol and tolu-
ene as a function of microwave power

The absorbance in the lower measurement position was calculated as per Equation (6.1), Av,iowerposition =
Lx[Nx Cas(1)], assuming a constant effective temperature along the absorption path. Simulations and the FTIR
measurements suggest that the gas-phase reactions are confined in the region upstream of the lower measurement
position, i.e, lower than HAN = 26 cm. Therefore, the gas species concentrations in the lower and upper positions
were expected to be equal. When considering the homogeneous species distribution along the absorption path at
the lower position, Z=15.3 cm, the species concentrations between the lower and upper measurement positions
differ by less than 15 %, which is smaller than the experimental uncertainty. Hence, the assumption of homoge-
neous mixing is justified even when acknowledging some temperature variation along the absorption path.

Figure 6.11 shows measured and simulated species concentrations at the upper measurement position versus
microwave power for Case 1 (190 sccm ethanol, FL.G synthesis) and Case 2 (54.3 sccm toluene, soot particle synthe-
sis). Figure 6.12 shows concentrations at the lower position for Case 1. The shaded areas denote the experimental
uncertainty. Since the measurements in the lower position were conducted in a noisy environment of a flickering
plasma afterglow, only three species had absorbance signal-to-noise ratios large enough for concentrations to be
quantified. Measured concentrations were compared with the numerical simulation performed for the 1.4 kW
power experiment (Figure 6.3).

Figure 6.11 aand Figure 6.12 a show that CO concentrations increase with microwave power at both meas-
urement positions. This suggests that with increasing power, more oxygen from oxygen-containing reactants
(C,HsOH, H,0) is consumed to form CO, thus leaving fewer carbon atoms to form solid carbonaceous particles and
less free oxygen that could potentially bind to the particles. Assuming that every oxygen atom attached to the
ethanol moleculeisconverted to CO, one would expect a CO concentration of 3415 ppm. The numerical simulation
predicts 99.1 % of oxygen atoms convert to CO molecules, resulting in 3384 ppm of CO, which isin good agreement
with the measured CO concentration. Figure 6.12 a, however, shows that some of the measurements showed CO
concentrations higher than that, which is the result of the experimental uncertainty of +20 %. The possibility of

the reactor leak is ruled out since in that case the CO concentrations in the upper measurement position would be
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Figure 611 Measured and simulated species concentrations in the upper position (170-234 cm downstream of
the nozzle) versus microwave power for Case 1 (190 sccm ethanol, blue color data) and Case 2 (54.3 sccm toluene,
pink color data). (a) CO; (b) C.Hz; (c) CHy; (d) C.Hy; (e) CoHo. Shaded areas denote the experimental uncertainty.

Simulations were performed using the temperature profile corresponding to 1.4 kW power.

affected as well, which is not the case (Figure 6.11 a). Still, the trend of CO concentrations increasing with micro-
wave power is clear in both measurement positions.

Figure 6.11 b and Figure 612 b show how the C,H, concentrations vary with microwave power. For ethanol
in the upper measurement position, the experimental data showed a dependence on the time the measurements
were taken and hence was excluded from the analysis as not reliable. In the lower position, C,H, concentrations
increased with power. The simulated acetylene concentration agrees well with the measurements. In the case of
toluene, C,H, concentrations also increase with increasing power, while the simulated concentration expectedly

overestimates the experimental data due to the non-accounted effect of solid particles formation, as discussed in

Section 6.3.
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Figure 612 Measured and simulated species concentrations in the lower position (26 cm downstream of the
nozzle) versus microwave power for Case 1 (190 sccm ethanol). (a) CO; (b) C.Hy; (¢) CH,. Shaded areas denote the
experimental uncertainty. Simulations were performed using the temperature profile corresponding to 1.4 kW

power.
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CH, concentrations decrease with increasing microwave power in both measurement positions for both eth-
anol and toluene precursors (Figure 6.11 ¢ and Figure 6.12 ¢). The numerical simulations also predict concentra-
tions that are consistent with the experimental data. Jiménez et al. [198] investigated gaseous products of ethanol
plasma decomposition and found that methane and acetylene concentrations are inversely related. Hence, when
CH., concentrations decrease, an increase in C,H, concentrations is expected. This agrees with the observations
presented here.

Overall, as predicted by the simulations, the trends and absolute concentrations of CO, CoH,, and CH, agree
between the two measurement positions, which implies that the gas-phase reactions are constrained in the high-
temperature plasma region upstream in the reactor.

Figure 611 d,e shows that C,H,4 concentrations rise with microwave power while CsH, concentrations are in-
sensitive to microwave power. Based on the simulations, both species are expected to follow the trend of C,H, in-
creasing with microwave power. In the case of C,H,, the concentrations could only be quantified using low-reso-
lution absorbance spectra (1 cm™) due to a better signal-to-noise ratio, and hence no firm conclusions should be
drawn since low-resolution data were shown to yield inconsistent results (Section 6.4.1). In the case of toluene, no
low-resolution spectra were recorded, which explains why neither C;H, nor C.H, were detected, even though the
simulations predicted the formation of these species.

In general, the FTIR results do not provide a clear way to distinguish between the formation of soot particles
and FLG flakes in situ. The same conclusion was made based on the numerical simulations. Correlations between

microwave power, species concentrations, and particle morphology are addressed in Section 6.5.

6.4.5 Gas-phase species concentrations from experiments with C;H4+/H>0 as a
function of the microwave power

Figure 6.13 shows measured and simulated species concentrations in the upper measurement position versus mi-
crowave power for Cases 3-6 (C,H./H-O mixtures). Measurements were performed at 1.0, 1.4, and 2.0 kW powers.
Shaded areas denote the experimental uncertainty.

The concentration trends were similar to the ones observed in the experiments with ethanol (Case 1): CO and
C,H,concentrationsincrease with microwave power, while CH, concentrationsdecrease. As established in the pre-
vious section, this could be indicative of the reaction shift toward graphene formation. Another observation is
that as more H,O is supplied into the system, the higher CO concentrations were measured. Unlike in the experi-
ments with ethanol, here, not all oxygen atoms were consumed in CO formation. Independent of the H,O content,
the measured CO concentrations account for approximately half of the oxygen atoms present in the system. It is
currently not understood, what oxygenates are formed from the atomic oxygen that remains in the system. Nei-
ther H,O nor CO, were detected with FTIR or QMS, and no O, was detected with QMS. Furthermore, x-ray photo-
electron spectroscopy did not reveal increasing graphene oxygenation with water addition [55]. Further experi-
mental studies are necessary to track down the oxygen species, for example, using high sensitivity gas chromatog-
raphy-mass spectrometry [56]. The numerical simulations, however, predicted that almost all the available oxy-
gen atoms form CO molecules, hence overpredicting CO concentrations by a factor of ~2. That resulted in other
species concentrations being significantly underpredicted, except for Case 3, where no oxygen was present in the

system (C,H4/H,0 =1/0) and numerical results were relatively close to the FTIR-measured values. The discrepan-
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Figure 613 Measured and simulated species concentrations in the upper position (170 cm downstream of the
nozzle) versus microwave power for Cases3-6 (C.Hs/H,O mixtures). Shaded areas denote the measurement

uncertainty. Simulations were performed using the temperature profile corresponding to 1.4 kW power.

cies between the numerical simulations and the experiments highlight the complexity of the precursor’s decom-
position in a plasma environment, which, in certain cases, e.g., for C;H,/H,0 mixtures, cannot be approximated

as high-temperature pyrolysis.

6.5 Discussion

Measurements and simulations show that the hydrocarbon precursors supplied into the system are completely
dissociated by the plasma, which results in approximately ~6800 ppm of carbon atoms within the reaction zone.
That carbon either forms flakes and particles or carbon-containing gaseous species. For example, in the case of
ethanol at 1 kW power, a mixture of FL.G and soot particles was produced. Figure 6.12 shows that under these con-
ditions, due to low concentrations of CO and C,H,, alow amount of carbon was consumed in the formation of gas-
eous species, hence, a high amount of carbon remained in the system available for the solid-phase formation. On
the other hand, at microwave powers of 1.4 kW and higher, pure FLG flakes without soot particles were synthe-
sized. At these conditions, high concentrations of CO and C,H, were measured, leaving less carbon for the solid
carbon growth.

Figure 6.14 shows the concentrations of carbon available for the solid-phase growth after carbon-containing
gaseous species were formed versus microwave power. The shaded areas denote ranges of experimental uncer-
tainty (20 %). In all cases, similar carbon concentrations were initially delivered to the system as carbon-contain-
ing precursors, ~6800 ppm.

Several correlations with particle morphology can be seen. In Case 2, in which toluene is the feedstock, only
soot particles were observed, with no FLG flakes, regardless of the microwave power; this case is also the one with

the largest concentration of carbon available for solid particulate growth. In Case 1, in which 190 sccm of ethanol
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Figure 6.14 Carbon concentrations available in the system for solid-phase formation, i.e., the total amount of
carbon delivered into the system minus carbon contained within gaseous species, versus microwave power. Zero

values are the result of the measurement uncertainty.

issupplied to the reactor, an FLG/soot particles mixture was realized using 1 kW microwave power, and pure FL.G
was produced at 1.4 kW and higher. That aligns with the overall decrease in carbon concentration vs. microwave
power. The same trend can be observed for Cases 3-6 with C,H,/H,0 mixtures, although to a lesser extent and
shifted toward higher microwave powers, i.e., available carbon concentrations do not change significantly from 1
to1.4 kW and only start to decrease after 1.4 kW power.

Figure 6.14 also visualizes the effect of water addition. Adding water to ethylene decreases solid carbon yield
while shifting the reaction toward FLG formation: From C,H4/H,0: 1/0 with 6.5 wt.% yield of mostly soot particles
to CoH4/H,0:1/1.5 with as little as 1.5 wt.% pure FL.G production [55]. It was hypothesized that larger fractions of
water result in higher concentrations of elemental oxygen leading to the formation of CO, thereby reducing the
amount of carbon available to form particulate matter, and hence favoring formation of graphene over amor-
phous 3D structures. This hypothesis was further strengthened by the observation that methanol, a precursor
with a ratio of C:O =1, yielded no solid material, as all carbon was consumed in CO formation [55,61]. The experi-
mental quantitative data presented here suggests that not only the formation of CO molecules reduces the availa-
ble carbon in the system, but the formation of other carbon-containing gaseous species as well, e.g., hydrocarbons.
That could explain why adding H2 to the reactant mixture reduces the solid carbon yield and shifts the process
towards graphene formation [67,202]. Indeed, the off-gas FTIR study by Toman et al. [56] showed an increase in
gaseous hydrocarbons concentrations when adding H, and the same effect was predicted by a model of Tsyganov
etal.[63].

The abundance of free carbon in the reaction zone correlates directly with the types of particulate matter
that may form. Large concentrations of carbon enable a higher density of nucleation centers that collide and bond
with each other and hence form 3D non-structured shapes, which eventually bend to spheres to minimize the free

surface energy [203]. Low amounts of carbon, on the other hand, result in a lower density of nucleation centers
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that consequently favors the growth of planar structures through gradual carbon atoms and molecules addition
rather than collisions with other nucleation centers. This is supported by the recent work of Fortugno et al.[55] as
well as the findings of Bundaleska et al. [195], which concluded on lower fractions of carbon shifting the solid-
phase formation from spherical soot particles toward graphene.

However, the abundance of carbon nucleation centers does not fully define the particle morphology, ie.,
there is no strict carbon concentration threshold, by exceeding which spherical particles start to form. For exam-
ple, Figure 6.14 shows that in Case 5 (C,H4/H,0 = 1:1), the carbon concentration available for solid phase formation
was similar to or lower than that in Case 1 (C;HsOH; pure FLG), but some soot particles were nevertheless formed.
The atomic C:O:H ratio in the precursor, largely discussed in the literature as one of the main factors defining the
particle morphology [55,60,61], also cannot explicitly explain the product differences between Cases1and S5,
where this ratio was equal, C:O:H = 2:1:6.

Several studies emphasized the importance of H-atoms in carbon particulate production in plasmaenviron-
ments[204-206]. The H2 addition to the precursor mixture was found to strongly suppress the formation of soot
particles butalsoinhibit the total solid carbon yield [56,63,206]. Hence, it was assumed that the H-atoms terminate
thedangling carbon bondsat the edges of the growing graphene sheets, effectively preventing their further planar
growth (inhibiting yield) but also curling (suppressing the formation of soot particles).

Table 6.1 shows the initial H-concentrations supplied to the reactor in precursors, H-atoms consumed in hy-
drocarbons formation (as measured with FTIR), and the remaining H-concentration in the post-plasma region. A
clear correlation between the particle morphology and the H-abundancy in the post-plasma zone can be seen. The
lowest H-concentration in Case 2 (toluene) combined with the highest C-concentrations (Figure 6.14) resulted in
pure soot particle formation. Pure FL.G was produced only in Cases 1 and 6, where the highest H-concentrations
and the lowest C-concentrations were calculated. The H-atoms supposedly only terminate free bonds at the gra-
phene edges, hence, no significant H-content is expected in the produced powder, which was confirmed with the
x-ray photoelectron spectroscopy analysis [55].

Therefore, it should be emphasized that it is not the precursor’s C:0:H ratio or the carbon nuclei abundance
that defines the particle morphology but rather the atomic C:H ratio in the post-plasma zone. Unfortunately, due

to the large FTIR measurements uncertainty (+ 20%), this study cannot firmly define the C:H ratio in the post-

Table 61 H-atom concentrations supplied to reactor in precursor, consumed in hydrocarbons formation (as
measured with FTIR), and remaining in the post-plasma region.

H-concentration

Case  Precursor Flowrate H-concentrationin consumed in Rema@g H-
/scem precursor / ppm hydrocarbons / ppm concentration / ppm

1 Ethanol 190 20400 2800-4900 15500-17600
2 Toluene 54.3 7800 3200-4800 3000-4600

3 Ethylene 190 13600 5000-7500 6100-8600

4 Ethylene 190 17000 5000-7600 9400-12000
5 Ethylene 190 20400 5400-8100 12300-15000
6 Ethylene 190 23800 5200-7800 16000-18600
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plasma region. /n situ gas species measurements with reduced uncertainty would allow establishing the “goldi-
locks” C:H ratio for pure graphene production. Alternatively, comprehensive kinetics studies of precursors de-
composition at high temperaturesin a plasma environment are necessary to understand the formation of gas spe-
ciesand to predict the final C:H ratio in the post-plasma region.

The effect of microwave power (i.e., gas temperature) on the kinetics of ethanol decomposition in plasmas
was investigated by Toman et al. [56]. Using FTIR and time-of-flight mass spectrometry the authors showed that
when increasing the microwave power, the concentrations of hydrocarbons with an odd number of carbon atoms
(CanaHy) are suppressed several times more than that of hydrocarbons with an even number of carbon atoms
(CanHy). Since they also observed the reaction shift toward graphene formation with increasing microwave power,
Toman et al. concluded that C,,Hy species are important for graphene growth while Cy,,1Hy species are probably
responsible for graphene defects, such as 5- and 7-member rings. In this work, the decrease of C,,..Hy species (CH,)
was also correlated with the reaction shift toward graphene formation, while concentrations of Co,Hy species

(CoH,, CoH,) that are supposedly responsible for graphene growth were shown to increase with microwave power.

6.6 Conclusions and future work

Gas-phase microwave plasma synthesis of freestanding graphene is yet to be improved in production rate and
yield. One of the main obstacles to progress is a lack of comprehensive understanding of gas-phase kinetics. Alt-
hough experimentalists have invested significant efforts into process investigation, for the most part, these works
were focused on parametric studies and ex situcharacterization.

This chapter presented the use of gas-phase FTIR spectroscopy as a tool to investigate the gas-phase for-
mation of graphene in situ. Multiple gaseous by-products were detected, and their concentrations were measured
in the post-plasma and exhaust regions. The results were compared with chemical kinetics simulations and mass
spectrometry measurements to yield a detailed picture of the gas-phase species involved in graphene synthesis.
The FTIR measurements enabled the calculation of the elemental carbon concentrations in the post-plasma re-
gion available for solid-phase formation. It was quantitatively proven that lower carbon and higher hydrogen
concentrations (lower C:H ratio) shift the reaction toward the formation of graphene flakes rather than amor-
phoussoot particles. That was previously assumed based on qualitative ex sitzanalysis with transmission electron
microscopy and Raman spectroscopy, as described in Chapter 3. Ways to reduce and control the C:H ratio in the
post-plasma region were investigated, specifically by using lower precursor flow rates, higher microwave powers,
and oxygen/hydrogen-containing precursors or additives.

The natural progression of this work would include experiments conducted closer to the plasma zone with
the goal of detecting gaseousintermediate species and initial graphene formation blocks, e.g.,dehydrogenated pol-
yaromatic hydrocarbons. This would require a specific design of the reactor to allow optical access to the plasma
zone. Moreover, the measurement sensitivity should be improved, which could be achieved by minimization of
the signal’s uncertainty, i.e, stabilizing the particle torch, and increasing the absorption pathlength, e.g., imple-

menting multiple-path by using highly reflective mirrors.
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Chapter 7
Conclusions

The goal of this thesis was to investigate in2 situ the gas-phase microwave-plasma synthesis of graphene. The gas-
phase approach was chosen because of its scalability, high variability, and ability to produce high-quality gra-
phene in a continuous manner. However, the physical and chemical processes underlying the synthesis, e.g., the
kinetics of graphene formation and growth and evolution of flakes morphology in the aerosol phase, are currently
little understood. Knowledge of these processes is vital to learn how to control the synthesis, increase yield, and
ultimately develop industrial-scale processes. Accordingly, there is a need for in situ diagnostics that can probe
graphene formation kinetics and its morphology dynamics, as well as monitor the quality of graphene flakes dur-
ing production.

In this work, two in situ optical diagnostics were applied to gas-phase synthesized graphene for the first
time. Time-resolved laser-induced incandescence (TiRe-LII) was used to probe the formation, growth, and evolu-
tion of flakes morphology by measuring graphene volume fraction and specific surface area (SSA). Line-of-sight
Fourier-transform infrared (FTIR) absorption was used to investigate the gas-phase kinetics by identifying and
quantifying gaseous species involved in the synthesis. In the context of this work, the parametric study was car-
ried out and various graphene materials were produced under a number of synthesis conditions. The synthesis
process and the obtained materials were extensively characterized using the aforementioned 7n situ diagnostics,
inline aerosol measurement tools, and ex situz powder characterization.

The ex situ study combined with in situ line-of-sight FTIR measurements revealed that the product mor-
phology strongly correlates with the elemental carbon and hydrogen concentrations (C:H ratio) in the post-
plasma region of the reactor. Excessive carbon and low hydrogen concentrations led to the formation of spherical
soot particles while lower carbon and higher hydrogen concentrations were shown to suppress particle formation
and shift the reaction towards graphene structures. Several ways to reduce and control the C:H ratio in the reactor
were found, specifically by using lower precursor flow rates (lower precursor concentration), higher microwave
power, and oxygen/hydrogen-containing precursors or additives. The latter, as shown with FTIR measurements
and chemical kinetics simulations, increases elemental hydrogen concentration in the post-plasma region and
leads to formation of gaseous species with carbon bonded to oxygen (CO) or hydrogen (C.H,, CHa4, CoH, CiH,),
which effectively reduces the concentration of elemental carbon in the reactor. The increasing amount of applied
microwave power was also shown to increase concentrations of carbon-containing gases, hence, lowering the con-
centration of elemental carbon in the system. Under appropriate process conditions, chemically pure crumpled
FLG flakes were obtained, as proven with electron microscopy, Raman spectroscopy, and x-ray photoelectron
spectroscopy.

Before applying TiRe-LII to crumpled graphene aerosols, the complex morphology and optical properties of

the flakes must be characterized. Moreover, in the case of graphene materials, properties and potential health
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threats are correlated with the flake morphology, which is not well-characterized in the case of crumpled FLG. A
suite of inline aerosol diagnostics was applied to measure crumpled flake lateral size, aspect ratio, mobility and
aerodynamic diameter distributions. Regarding the optical properties, it was demonstrated that crumpled FLG
flakes have larger spectral mass absorption cross-sections between 370-950 nm than soot, i.e., crcumpled FLG ab-
sorbs visible light more strongly than soot. The origin of that phenomenon is yet to be understood. One possibility
is the presence of organic impurities in the aerosol, although great care was taken to dry and purify the aerosol
before the measurements.

It was proven that the optical properties and flake morphology are connected. Using the established metrics
on exfoliated graphene flakes, UV-Vis spectra of graphene suspension in ethanol were correlated with the mean
graphene layer number and mean lateral size, which showed a close agreement with the electron microscopy anal-
ysis. Furthermore, the crumpled FLG flakes were tomographically-reconstructed to investigate how complex
morphology affects graphene optical properties. For that, discrete dipole approximation (DDA) simulations were
carried out. It was shown that the flake orientation has no impact on the normalized absorption efficiency, and
the simple Rayleigh-Debye-Gans theory yields spectral cross-sections that are in close agreement with thorough
DDA calculations. These measurements and observations allowed for building the spectroscopic model required
for the TiRe-LII analysis.

The crumpled FLG aerosol was shown to absorb laser light at 1064 nm and incandesce, hence, enabling the
TiRe-LIL The comparison of TiRe-LII responses between crumpled FLG flakes and soot particles suggested that
FLG flakes have a larger absorption function at 1064 nm and larger SSA, which aligns with the other diagnostics
applied in this thesis. Different TiRe-LII responses between FLG and soot can be utilized to differentiate the two
aerosols online and assess the quality of the produced aerosol. TiRe-LII was also used to measure FL.G volume frac-
tion and SSA in situ, demonstrating that the method can probe flake formation, growth, and morphology. When
combined with thermophoretic TEM sampling, TiRe-LII results showed that the gas-phase formation of gra-
phene starts with a flat sheet consisting of a few graphene layers, which then folds and crumples in the gas phase
to form a mechanically-stable crumpled FLG flake.

In conclusion, this work investigated the gas-phase microwave-plasma synthesis of graphene using two in
situ optical diagnostics: TiRe-LII and line-of-sight FTIR absorption. The obtained data elucidated processes un-
derlying gas-phase graphene formation, revealed factors affecting the product morphology, and helped find and
explain the ways to control the synthesis. The results of this study and the developed in situ diagnostics enable

further research, which is discussed in the next chapter.
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Chapter 8
Ongoing and future work

This chapter reviews the questions raised by the results obtained in this work and outlines several ongoing and
promising research directions including those enabled by the developed here laser-optical 7n situ diagnostics.

Arguably the largest knowledge gap not covered in this thesisis the plasma physicsinvolved in the gas-phase
microwave-assisted synthesis of graphene. Except for the optical emission spectroscopy (OES), all in situ optical
measurements were conducted in the post-plasma zone. In part, plasma diagnostics was outside of the scope of this
thesis, and in part, its avoidance was caused by the reactor’s design limitation. Future research should seek to in-
clude the plasma species and effects in the process investigation. The work in that direction can start with rela-
tively straightforward experiments, such as measurements of electron concentrations and temperatures (e.g.,
OES, electrostatic probes), measurements of spatial and temporal distributions of key plasma species including
ions and neutrals (e.g., laser-induced fluorescence, FTIR) [207].

The comprehensive dataset on the physicochemical and optical properties of crumpled graphene presented
in Chapters 3 and 4 has several outcomes that are beyond the ones already discussed here. First, the aerosol prop-
erties may be used in toxicological and atmospheric studies to predict the potential adverse health effects of crum-
pled graphene and its environmental impact. Second, the morphology data of crumpled graphene powders and
aerosols would also be useful when establishing new standards and safety regulations.

Chapters 3and 4 involve either graphene sampling using TEM grids or nebulization, i.e., wet aerosolization,
which might introduce impurities and morphology changes, e.g., extra crumpling, as shown in Figure 4.3. Hence,
further morphological and optical characterization of crumpled FLG suspensions and freshly produced aerosols
without sampling or nebulization is required, e.g., using developed here laser-optical diagnostics. Such studies
would elucidate how graphene morphology and chemical composition change when interacting with solvents or
when collected on the TEM grid surface.

The research presented in Chapter 5 explores how the specific surface area of graphene changes with height
above the nozzle (HAN) by analyzing the incandescence signals from the flakes. Chapter 6 shows how gaseous spe-
ciesevolve in the reactor using line-of-sight FTIR absorption spectroscopy. However, both studies suffer from the
current reactor design that does not allow optical access to the plasma zone, with the lowest achievable
HAN =174 mm. The modified design would enable probing flakes and gaseous species that are much closer to the
nozzle. In terms of the flake morphology, this is especially promising, as the thermophoretic TEM sampling (Fig-
ure 5.16) showed that graphene flakes are likely to originate from flat sheets that start folding and crumpling at
relatively low HAN = 120-150 mm [190]. But thermophoretic sampling has several drawbacks, including the lack

of SSA quantification, low spatial resolution, and required flakes deposition on a TEM grid, which leaves a chance

Musikhin, 2022 83 Chapter 8



of flakes morphology change when sampled on a grid’s surface. The TiRe-LII measurements could, in turn, quan-
tify the SSA and provide high spatial resolution measurements with no sampling involved. Such measurements
have the potential to be the first-ever TiRe-LII experiments carried out on truly flat nanoobjects. In terms of gas-
eous species, line-of-sight FTIR measurements in the proximity of the plasma zone may detect what this study
aimed to: intermediate species and initial graphene formation blocks, such as dehydrogenated polyaromatic hy-
drocarbons. When available, that information would advance the current understanding of graphene gas-phase
kinetics and ultimately allow for better synthesis control. Moreover, in situ data on carbonaceous precursors py-
rolysis are useful for validating and updating the existing kinetics models.

Limited FTIR setup sensitivity (Chapter 6) and unsteady gas flow conditions translated into the measure-
ment error of + 20 % for all species concentrations. This complicated calculating the “goldilocks” C:H ratio in the
post-plasma zone that would lead to the formation of pure graphene. The measurement sensitivity could be im-
proved in the future by stabilizing the particle torch and increasing the light absorption pathlength, e.g., by im-
plementing multiple-path absorption when using highly reflective mirrors. If the critical role of hydrogen in the
graphene synthesis is confirmed, in the industrial setting, H, could be filtered out from the exhaust gases and re-
used in the process and/or stored as an energy source, thus, substantially reducing the graphene synthesis cost.

Regarding the LII, the ongoing study seeks to measure the evolution of FL.G volume fraction with HAN.
Identifying a zone where graphene starts to form (detection of LII signals), grows in volume (increasing LIl mag-
nitudes), and reachesits final volume fraction (maximum LII magnitude), would allow for a better understanding
of the process. For example, if the correlation between reactor geometry, temperature profile, and the graphene
volume fraction is defined, the corresponding parameters could be tuned to achieve a higher yield.

TiRe-LIlisalsocurrently being applied to graphene aerosols to detect any non-incandescent emissions, anal-
ogous to the soot studies in flames [176,177,189]. Although some test measurements have been carried out (Sec-
tion 5.2.1), they were limited to the excitation wavelength of 1064 nm, laser fluences up to ~5 mJ/mm? and
HAN above 200 mm. When using 532/266 nm laser wavelengths, higher fluences, or lower HAN, additional emis-
sion features could appear. Of particular interest is the detection of laser-induced fluorescence from polyaromatic
hydrocarbons present in the flow, induced emission of C; and Cs” clusters evaporated from graphene surface, and
detection of co-present LII signals if the evaporated carbon clusters condense back and form new particles/flakes
[208]. Apart from the fundamental value of such measurements, the obtained data will be important for practi-
tioners to avoid potential temporal and spectral interferences when deploying TiRe-LII to graphene.

Besides the additional TiRe-LII experiments, laser-induced breakdown spectroscopy (LIBS) could be used to
examine the FL.G chemical composition and evaporation parameters, and to narrow down the uncertainties
through the Bayesian data inference with the TiRe-LII results incorporated, as previously demonstrated by Men-
ser et al. for Si and Ge nanoparticles [152,209]. LIBS involves a high-power laser pulse, which vaporizes and ionizes
the sample. The resulting plasma emission comes from electronically-excited ions, atoms, and molecules, and can
be correlated with the particle chemical composition and concentrations of the species present in the sample.

LIBS, TiRe-LII, and FTIR can be combined to characterize graphene doping and functionalization effi-

ciency. FTIR can identify gas-phase intermediate and stable species and correlate them with flake morphology
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measured with TiRe-LII. And LIBS can detect and quantify the doping species that are present in graphene struc-
ture. Thisinformation may potentially indicate ways to improve the quality of existing functionalized graphene
materials and create new ones, leading to novel applications.

Several unresolved questions arose throughout this study. Chapter 4 and Chapter 5 showed that crumpled
FLG flakes have larger MAC, values between 370-950 nm and higher £{m) at 1064 nm compared to those of soot
particles. So far it is unclear, which mechanism is responsible for the enhanced absorption cross-section of crum-
pled graphene and whether we can be certain that this is not caused by chemical impurities obtained during the
wet aerosolization of flakes. Toanswer these questions, additional experimental and theoretical investigationsare
required, in part using the diagnostics tools developed in this thesis.

Another promising direction for future research is the modeling of graphene folding and crumpling in the
gas phase. Here, the TiRe-LII and TEM measurements at various HAN, especially in the region close to plasma,
can provide the data required for model validation. The motivation for such studies lies in the properties of gra-
phene materials that strongly depend on morphology, e.g., crumpledness. Several experimental and molecular dy-
namics studies have investigated the crumpling behavior of graphene sheets when wet-aerosolized with subse-
quent droplet drying [81,82,210-212]. The results showed that crumpling is influenced by evaporation tempera-
ture and initial flake geometry. However, there are no studies on truly freestanding graphene that is synthesized
and crumpled in the gas phase, such asin this work. Ideally, when the underlying flake deformation processes are
understood, the high variability of gas-phase synthesis would allow controlling the graphene level of crum-

pledness, thickness, and lateral size.
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Appendix A
Correction of thermocouple measure-
ment to account for radiation

Thermocouple measurements conducted in high-temperature reactive flows need to be corrected for radiative
losses from the thermocouple to cooler surroundings. The correction is usually performed using the following

equation:

T, =T, +&,0(T~T} )k .Cj\m : (A1)
where g refers to the gas, 7t to the thermocouple, w to the wall, &r. is the emissivity of the thermocouple bead
material, 0 is the Stefan-Boltzmann constant, dis the thermocouple bead diameter, kis the thermal conductivity
of the gas, and NVuis the Nusselt number. The wall temperature was measured with a thermocouple connected to
the outer reactor wall. The Nusselt number was calculated following the Collis and Williams correlation for a cyl-
inder in crossflow with a low Reynolds number [213]. The required temperature-dependent properties, such as
thermal conductivity, density, Prandtl number, and viscosity, were taken to be those of Ar[214,215].

The main uncertainty of such a correction is the &r. value. In the case when toluene was used as a precursor,
large soot mass production was observed and consequently, the thermocouple was covered with black soot within
acouple of minutes. Therefore, &r. = 0.95 was applied, as for typical graphite. In the other cases, when pure graphene
or mixtures of graphene and soot were produced, the thermocouple was only partially covered in particles as ob-
served after ejecting it from the reactor and cleaning with tissue. In such cases, optical particle pyrometry meas-
urements were performed at the same height above the nozzle as the thermocouple measurements. The incandes-
cencesignals prior tolaser excitation were collected with the 4-color TiRe-LII detection setup described in Chapter
5. The particle temperature was calculated using the Equation (5.4) and considered to be equal to the nearby gas
temperature as the experiments were conducted at atmospheric pressure, and therefore, local thermal equilib-
rium was expected. The spectral emissivity, gr. was then adjusted to make the gas temperature from Equation (A.1)
match the pyrometric temperature. This approach yielded &r. = 0.53, which is consistent with the hypothesis that
the thermocouple bead is partially covered with particles (thermocouple fully covered in black particles should
yield &r. = 0.95, while an N-type thermocouple free of particles has &r. = 0.1-0.25). This emissivity value was used in
to correct the thermocouple measurements when pure graphene or mixtures of graphene and soot were produced.

It should be noted that the temperature derived from the optical pyrometry is biased towards the hottest
particles that are present in the field of view. If the hottest particles are outside of the TiRe-LII probe volume,

which isapproximately in the center of the reactor, then optical pyrometry correction would overestimate the &r.
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Figure A1l Gas temperatures as measured with thermocouples at different heights above the nozzle (HAN). (a)
HAN =26 cm, before and after correction with respect to radial position. (b) HAN =185 and 215 cm for different

precursors with respect to microwave power.

value. However, Figure A.1 ashows that the radial gas temperature profile is close to symmetrical with the highest
temperature in the center of the reactor, where the TiRe-LII probe volume is located.
Figure A1 ashowstheradial temperature profileat HAN = 26 cm, non-corrected and corrected, while Figure

A1bshowsthe corrected measurementsat HAN =185 and 215 cm with respect to microwave power.
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Appendix B
Boltzmann plot calculation

In local thermal equilibrium, the population of species in the ground and excited states follows a Boltzmann dis-
tribution, which can be used to calculate species temperature using a “Boltzmann plot”. In this work (Chapter 6),

the absorption rovibrational band of CO (2020-2250 cm ™) was analyzed.

K
ln[ v sz—kx , (B.12)
BlZgl
where
1
k=—— x=E, (B2)
k. T

B

bis constant, 7 is the lower state energy, vis the wavenumber, & is the integrated spectral absorption coefficient
(found by integrating the corresponding spectral absorbance peaks), B, is the Einstein absorption coefficient for
CO that is calculated from the Einstein emission coefficient A, and g is the lower-state statistical weight. For a
detailed description of the steps leading to the final form of Equation (B.1) refer to Refs.[216,217]. All the required
CO parameters were taken from the HITRAN database [199]. Temperature is then found from the slope of the ob-

tained line, which is called a Boltzmann plot.
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FigureB.1 (a) An example of three CO absorption peaks, which were integrated to calculate the Boltzmann plot.
(b) Typical Boltzmann plot calculated for the 2020-2250 cm™ rovibrational band of CO. The line slope
corresponds to the gas temperature of 465 K. £;: lower state energy; x,: integrated spectral absorption coefficient;

v: wavenumber; By, Einstein coefficient; gi: lower-state statistical weight.
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Figure B.1a shows an example of three CO absorption peaks. The baseline was subtracted, absorption peaks
identified and integrated toyield . The same procedure wasapplied toall the CO absorption peaks between 2020-

2250 cm™, which allowed to construct the Boltzmann plot and calculate the gas temperature (Figure B.1 b).

Musikhin, 2022 90 Appendix B



Appendix C
Modeling graphene optical
anisotropy

In order to account for graphene optical anisotropy, three different methods for assigning the direction of the re-
fractive index were compared: (i) the plane-fit approach described below; (ii) assuming a fixed orientation for all
dipoles regardless of the location of the dipole; and (iii) assuming a random orientation for each dipole.

The plane-fit approach defines a polarization tensor based on the angles formed between the incident wave-
front vector and a plane fitted to the dipoles within a 7-nm radius of the wave intercept point. This method could
correctly assign the direction of graphene sheets for the parts of the FL.G consist of only a single layer of graphene.
However, it fails tofind the polarizability tensor for the regions where multiple graphene sheets intersect. At these
regions, the direction of graphene sheets was chosen randomly. The final FL.G flakes #1, #2, and #3 (cf., Figure 4.11)
have volume equivalent diameters, dy, of 16.2,13.8, and 17.6 nm, respectively. Due to the random orientation of
flakes in the aerosol or suspension, the average spectral cross-sections were calculated over 343 directions at each
wavelength. For each of the methods, the absolute and normalized absorption efficiencies of Flake #1 in the air
(refractive index of the medium 7zmeq = 1) were calculated using DDA with the refractive index from Kravets et al.
[126]. Figure C.1 shows that the absolute spectral absorption cross-section depends on the method used to assign
the polarizability tensor. These results also highlight that the absolute absorption cross-section depends on flake

orientation, asindicated by the shaded regions. However, the normalized Qi1 Spectraare almost identical, hence,
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Figure C1 (a) Absorption efficiency of FLG Flake #1 in the air (zme = 1.0) calculated using DDA with three
different methods for assigning the polarizability tensor of each dipole. Shaded areas are the extent of Qs based
on flake orientation relative to the wave vectors and its polarization. (b) The mean values of Qusp normalized for
three different methods. The mean normalized Q. are almostidentical. Hence, nomodel error is expected from

the plane fit approach used in this study.
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the plane-fit approach was used for all DDA simulations in this study and no model error was expected for the

normalized Qis.2and Q.
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