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ABSTRACT OF THE DISSERTATION
Oh the Places You’ll Go, with Graphene: A Chemist’s Exploration of Two Dimensions
by
Jonathan Khalil Wassei
Doctor of Philosophy in Chemistry and Biochemistry
University of California, Los Angeles, 2013

Professor Richard B. Kaner, Chair

Graphene, the first two-dimensional crystal ever studied, has made such an impact in a myriad of
fields ranging from physical science to engineering that its discovery earned Nobel recognition
in 2010. Although it was initially lauded as the answer to the Moore’s law limitation of silicon
electronics, what really captivated scientists was the fact that it opened countless avenues of
exploration. From a synthetic chemists perspective, it became imperative to find a more sensible
way to isolate graphene if it were ever to become practical for industrial use. This thesis
demonstrates several fascinating routes to synthesize graphene, such as: top down methods
involving the solution processing of graphitic materials through redox chemistry and bottom-up

approaches mainly using chemical vapor deposition (CVD).

Graphene oxide, a derivative of graphene, has become a promising route to graphene analogues
owing to enhanced processability. A portion of this thesis is devoted to exploring solution-
processing routes towards chemically converted graphene as well as functionalized nanotubes
and fullerenes. Although many methods to synthesize these nanomaterials have been
demonstrated, there are relatively few approaches to systematically organize these materials that
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meet the high throughput requirements for practical device applications. To address this concern,

thin elastomeric membranes comprised of poly(dimethylsiloxane) (PDMS) can be utilized as
physical stencils for patterning chemically converted graphene (CCG), carbon nanotubes (CNTs),
and fullerenes, all of which can be dispersed in hydrazine. Furthermore, this method represents a
simple and versatile process to selectively register these carbon nanomaterials into
configurations suitable for nano electronic devices. To make films of these materials useful for
transparent electrode applications, anionic dopants have been used to reduce the sheet resistance.
These enhanced electronic properties are attributed to an increased number of p-type charge
carriers. While there have been many reports of its use, there is little reported insight into the
chemical interactions of a commonly used dopant, thionyl chloride (SOCI2), with pristine

graphene and its chemically converted derivatives.

The growth of graphene via CVD has predominately been accomplished with methane gas. To
study the effects of other hydrocarbon precursor gases, graphene was grown by chemical vapor
deposition from methane, ethane, and propane on copper foils. The larger molecules were found
to more readily produce bilayer and multilayer graphene, due to a higher carbon concentration
and different decomposition processes. Single- and bilayer graphene was grown with good
selectivity in a simple, single-precursor process by varying the pressure of ethane from 250 to
1000 mTorr. The bilayer graphene is AB-stacked as shown by selected area electron diffraction
analysis. Several device architectures were developed to exploit intrinsic properties of the
derived graphene. These applications include: Flash memory devices and bio-electrodes for cell

stimulation.
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a) A free-standing elastomeric membrane held by tweezers. Pores made from a
silicon mold are clearly visible in. b) An optical microscope image of the
membrane pores shows the blue silicon dioxide substrate beneath it. ¢c) An SEM
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IR data for mechanically exfoliated graphene and chemically converted data pre
and post thionyl chloride treatment, which verifies the presence of C-Cl stretching

modes and O-H stretching modes from the oxygen moieties remaining on CCG.
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doping with SOCL,. AFM images of CCG (e) before and (f) after treatment
suggest that exposure to thionyl chloride can be detrimental to the overall fidelity
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(a) Proposed reaction mechanism in which thionyl chloride undergoes a
nucleophilic interaction with a carboxylic acid releasing a chloride, which in
turn can functionalize groups present on chemically converted graphenes and
oxidized carbon nanotubes. R represents poly-aromatic hydrocarbon species;
(b) visualization of how chloride ions (green circles) are bonded to the carbons
at the edge of a graphitic base. Scheme 2.1 is reprinted with permission” ©
2011, Royal Society of Chemistry ..........ccvviiiiiiiiiiii i, 51
Optical transmittance of thionyl chloride treated G-CNT films. Inset:
photographic images of a G-CNT substrate before (left) and after doping
(right) show essentially no change in transparency. Figure 2.10 is reprinted
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Optical and electronic properties of G-CNT composite films before and after
thionyl chloride treatment. Table 2.1 is reprinted with permission® © 2011, Royal
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Four-point probe measurements taken across single CCG and pG flakes of
similar dimensions show a significant decrease in resistance after doping. (a)
A single CCG flake shows an ~73% decrease in resistance, while (b)
mechanically exfoliated graphene shows an ~44% decrease in sheet resistance.
(c) A computer generated illustration of a graphene sheet being decorated with
chlorine along the edges and basal plane, which increases the number of
positive charge carriers in the conjugated sp” network. Figure 2.11 is reprinted
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Schematic of a chemical vapor deposition reactor that can be used to grow
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Optical micrographs of graphene grown with methane (a-c), ethane (d-f) and
propane (g-i) at 250, 500 and 1000 mTorr growth pressures, respectively. The
graphene was transferred onto a silicon substrate with a 300 nm oxide layer. Scale
bar represents 20 pum. Figure 3.2 reprinted with permission, copyright © 2012

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim .................coooeeene. 68
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pressures (250, 500 and 1000 mTorr, respectively) show the appearance and
growth of a second layer. These films were transferred onto silicon wafers with a
300 nm thick silicon dioxide layer. Coverage statistics (b, d, f) were tabulated and
graphed to illustrate the growth trends of graphene layers at different pressures.
At 250 mTorr (a) a single layer (black circle) is controllably grown, but at 500
mTorr (c) ~49% bilayer coverage (blue circle) is observed with 1% few layer
graphene (green circle) and at 1000 mTorr (e) ~75% bilayer coverage is observed
with small regions containing ~2% few layer graphene. Scale bars represent 1 um.
Figure 3.3 reprinted with permission, copyright © 2012 WILEY-VCH Verlag
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Figure 3.5

Scanning electron micrographs (SEM) of graphene grown with propane at
increasing pressures (250, 500 and 1000 mTorr, respectively) show the growth
trend of graphene with a larger hydrocarbon gas. These films where transferred
onto silicon wafers with a 300 nm thick silicon dioxide layer. At 250 mTorr
growth conditions (a) there is evidence for bilayer graphene, seen as dark regions.
At 500 mTorr (b) the bilayer region coverage increases and the larger dark spots,
indicative of few layer graphene, become more prevalent. Finally, at 1000 mTorr
growths (c), the number of layers dramatically increases. Scale bar represents 1
um. Figure 3.4 reprinted with permission, copyright © 2012 WILEY-VCH Verlag
GmbH & Co. KGaA, WeInhelm .......ooviiiii e 71
Raman spectra of graphene films grown at different pressures and with different
hydrocarbon precursors. (a) Spectra were measured with a low power laser, at
wavelength of 514 nm and laid out in sequence to show an overall trend in
graphene crystallinity as a function of pressure. (M—methane, E—ethane and P-
propane). Figure 3.5 reprinted with permission, copyright © 2012 WILEY-VCH
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Figure 3.6

Raman spectra and maps of graphene films grown at different pressures using
ethane. (a) Raman spectra placed in sequence show changes in the G and 2D
ratio- as a function of pressure. Lorentzian fits of the full-width at half maximum
from the 2D peaks for graphene grown with ethane at (b) 500 mTorr and (c) 1000
mTorr show that the 2D band is split into 4 components: 2D1B, 2D1A, 2D2A,
2D2B, indicative of bilayer interaction. (d) Raman mapping over a 20 x 20 um’
scan area for the FWHM of the 2D peak shows single to bilayer graphene areas at
different pressure growths with ethane gas. The values of the color gradient bars
below are in wavenumbers (cm™). Figure 3.6 reprinted with permission, copyright
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TEM selective area electron diffraction (SAED) patterns of single and bilayer
graphene, diffraction intensity line profiles and low-resolution TEM (LRTEM)
images. Normal incident diffraction pattern of (a) single layer graphene from
methane grown at 1000 mTorr, (b) single layer graphene from ethane grown at
250 mTorr, (c and d) bilayer graphene from ethane at 500 mTorr and 1000 mTorr
and (e) bilayer layer graphene from propane grown at 250 mTorr. Representative
line profiles for (f) single layer and (g) bilayer graphene show the differences in
diffraction intensities. LRTEM images of graphene grown with ethane at (h) 500
mTorr, (i) 1000 mTorr and with propane at (j) 250 mTorr, from many angles,
show the actual size of each crystalline domain (red arrows) to be around 500 nm
across, although SEM shows the actual coverage is much larger. The purple arrow
indicates silicon residue from the etch process. Figure 3.7 reprinted with
permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
WEINNGIM ..ot 76
UV-Vis spectra from graphene transferred onto fused quartz discs. Methane at all
pressures produces films with a transmittance (at 550 nm) of ~97%, indicative of
single layer graphene. At varying pressures, ethane and propane will produce
films with ranging transmittances, suggesting an increase in film thickness. Figure
3.8 reprinted with permission, copyright © 2012 WILEY-VCH Verlag GmbH &
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Figure 3.9

Figure 3.10

Characterization of as-grown graphene on polycrystalline copper. (a) Typical
Raman spectrum of graphene on a polycrystalline copper substrate (after
subtraction of copper luminescent back- ground). (b) Powder X-ray diffraction
pattern of a copper disk after growth. (c) Typical large area STM topograph of as-
grown graphene on a copper substrate: [ nneiing= /; = 0.9 nA, Vsample ) Vample =-
75 mV. (c) Atomic resolution STM image of the pristine carbon honeycomb
lattice: I, = 5.0 nA, V= -75 mV. Figure 3.9 reprinted with permission, Copyright
© 2011, American Chemical SOCIEtY ........ooviiiiiiiiiiiii i, 82
(a) STM topograph of a highly corrugated region of the sample. The magenta
rectangle highlights an atomically flat plane, the blue circle highlights where three
positive edges meet to form a positive vertex, and the orange circle highlights
where three negative edges meet to form a negative vertex. (b) Atomic resolution
STM topograph of a graphene sheet above an amorphous copper plane. (c)
Atomic resolution STM topograph illustrating continuous growth over a copper
monatomic step. (d) Schematic illustration of graphene growth “down” (white
arrow) and “up” (green arrow) a monatomic Cu (100) step. Carbon atoms are
represented by black spheres, foremost carbon atoms of the graphene sheet
expected to interact with the monatomic step are highlighted with red spheres,
light purple spheres represent copper atoms of the upper terrace, and darker
purple spheres represent copper atoms of the lower terrace. Imaging parameters
are as follows: (a) I, = 0.5 nA, V,=-500 mV, (b) I, = 0.9 nA, V; =65 mV, and (¢)
I, = 30 nA, V, = -75 mV. Figure 3.10 reprinted with permission, Copyright ©
2011, American Chemical SOCIetY ........ccooiiiiiiiiiiiii i, 84
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Figure 4.1

A schematic of bilayer graphene growth with ethane and/or propane feedstock
gas. (a) Top view is shown with a space-filling model and (b) side view is shown
with a ball-and-stick model. Copper atoms are shown as orange spheres, carbon in
black (first layer) and in blue (second layer) and hydrogen in gray. When the
copper catalyst is oversaturated with ethane molecules, secondary growth is
observed. Since ethane has a lower decomposition pathway, higher concentrations
of carbon radical will participate in secondary growth near the edge, where
dangling bonds and defects are more prevalent. Figure 3.11 reprinted with
permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
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Chapter 1: Graphene and Applications from a Chemist’s Point-of-View

1.1 An Introduction to Graphene and Chemically Converted Derivatives

Since the 2004 Nobel Prize winning report that demonstrated the existence of graphene,
the first isolated two-dimensional crystal; there has been a paradigm shift in a myriad of science
and engineering disciplines.' In just nine years, graphene has had a major impact on fields
ranging from physics and chemistry to materials science and engineering, leading to a host of
interdisciplinary advances in micro- and nanotechnology. Graphene is attractive because it
possesses many extraordinary characteristics that are a direct consequence of its unique atomic
structure.

Unlike synthetic graphene, pristine graphene is a zero-band gap semiconductor with an
extraordinary room temperature carrier mobility of >20,000 cm®/V sec.”> Covalent, delocalized
n-bonds account for its high electronic and thermal conductivity along with its ability to absorb
photons uniformly across the spectrum from infrared to ultraviolet light.” At just a single atomic
layer in thickness, it has an exceptionally high surface to volume ratio. All of the carbon atoms
in graphene are essentially identical so there is no net dipole, making it nonpolar and
hydrophobic.* The structural robustness stemming from its network of strong covalent bonds
provides graphene with the ability to withstand stretching, making it “pound for pound” one of
the strongest materials known.” Graphene is even biocompatible since it is made entirely of
carbon, the most important element of life.

An important distinction should be made between graphene and chemically converted
graphene. High crystalline graphene can be obtained through micromechanical cleavage of

highly ordered graphite, e.g. Kish single crystals or highly oriented pyrolytic graphite (HOPQG).



Other methods to synthesize graphene include Chemical Vapor Deposition using metal catalysts
such as copper or reduction of silicon carbide at high temperatures.”” Chemically converted
graphene (CCG), on the other hand, is synthesized by a chemical, thermal and/or photolytic
reduction of graphene oxide.®® CCG typically has defects along the edges and basal planes,
which result in a lower carrier mobility, but enhanced processability, a critical attribute if
graphene is to become a useful bulk material. This chapter describes the intrinsic properties of

graphene that stem from its chemical structure and essentially free electrons.

1.2 Conductivity and Mobility

As mentioned earlier, pristine graphene is a zero-band gap semiconductor with
extraordinary room temperature carrier mobility, but to understand this from a chemist’s point-
of-view, it is helpful to start with a structural perspective. Each carbon atom in graphene’s
hexagonal lattice has four valence electrons; the first three are used to form covalent sp> bonds,
while the fourth resides in a p, orbital that forms © bonds distributed equally along 3 directions
thus leading to a bond order of 1 and 1/3. Hence, a continuous layer of delocalized electrons
forms across each plane that enables the rapid movement of injected electrons (Figure 1.1a).
Physicists generally explain this remarkable conductivity as a consequence of a zero band gap,
which can be mathematically derived by first assuming that graphene has two identical carbon

atoms per unit cell (Figures 1.1b-d)."



ENERGY

—

CONDUCTION BAND

k

y

DIRAC POINT T
MOMENTUM

k

X

VALENCE BAND

Figure 1.1 Graphene’s band structure arises from delocalized pi electrons across a plane of
honeycomb carbon (a); a closer look at the identical carbon atoms in a unit cell (b); which gives
rise to its zero-band gap at the Dirac point (c,d). 1.lc is reprinted with permission'® © (2010)

American Chemical Society.

In addition to being highly conductive, the thinness of graphene makes it an interesting
alternative to other active layer semiconductors in electronic devices. The first demonstration of

using graphene’s conductivity in a device was of a field-effect transistor.'' Graphene was



reported to exhibit ambipolarity, meaning it can be converted into either a p- or n-type material
simply by switching the gate bias. Despite this, graphene lacks one key property, a room
temperature band gap, making its integration into modern semiconductor devices and the
replacement of silicon for logic-based applications problematic.

If graphene is to become useful as a high-speed transistor, a band gap is needed. There
have been several reports demonstrating a wider gap in bilayer and trilayer graphene and several
types of graphene derivatives including nanoribbons, strained and chemically doped graphene.'*

> When an additional layer of graphene is Bernal stacked (i.e. ABAB...), the m-electrons are

16-18

disturbed and the electronic structure changes such that a spacing of up to 250 meV can be

opened between the HOMO and LUMO, see Figure 1.2a.'> This can be pushed further by
adding a third layer, stacked ABCABC... (i.e. thombohedral) (Figure 1.2b), but this approach is

hampered by the lack of synthetic methods to produce large amounts of trilayer graphene.'

a b 95

E
B-BLG
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(AB) X -05

Figure 1.2 Changes in the band structure for bilayer (a) and trilayer (b, c) graphene with

E(eV)

different stacking orders. Figures 1.2a and 1.2b,c are reprinted with permission'>"* © (2009),

(2011) Macmillan Publishers Limited.

Graphene is fundamentally a large, aromatic macromolecule that possesses an interesting

chemical duality — it reacts with both electron donating and electron withdrawing groups.



Additionally, graphene can form both covalent and ionic bonds. While covalent bonds interrupt
the delocalized sp® network, ionic bonds simply interact with it. Common organic chemical
reaction pathways including hydrogenation, hydration, and electrophillic and free radical
addition can take place on its surface to make derivatives such as graphene oxide.'>"
Interactions like hydrogen plasma exposure or laser irradiation can be used to produce sp’

graphane or fluorographene.*’?'

A variation in the degree of changes made through covalent
bonding yields either a semiconducting or an insulating two-dimensional material. Ionic bonds
with graphene are less invasive and usually occur along the basal plane.'***** Graphene will
intermingle with other conjugated systems, via n-m stacking or weak van der Waals interactions,
as is also the case for graphite.

Instead of trying to alter its structure for electronic applications, it may be more effective
simply to utilize its already interesting intrinsic properties. For example, graphene’s high
mobility enables it to potentially play a significant role in high-frequency analog electronics,
such as radio frequency (r.f.) devices, which are critical for communications equipment (Figure

1.32).”%° The main attraction is that r.f. devices operate over a range of voltages rather than in

terms of on/off ratios.
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Figure 1.3 Applications utilizing graphene’s intrinsic properties demonstrating utility as an
integrated circuit for rf devices (a); an electromechanical resonator (b); flash memory (c); DNA
translocation (d); and a chemical sensor (¢). 1.3a,b reprinted with permission®** © (2011,
2007) Science. 1.3b-d reprinted with permission®>®** © (2011), (2010) and (2012) American

Chemical Society.

Graphene can also play a role in other frequency-related applications. For example, graphene
can be used as a frequency multiplier in the THz regime, which can be used to image packages
much like X-ray scanners do now in airports or to image cancer tumors for early disease

3,10,26-30

diagnosis. It is this same forward thinking that has resulted in demonstrations of

electromechanical resonators (Figure 1.3b), graphene-based flash memory (Figure 1.3c), water-



splitting catalysts, rapid sequencing of DNA (Figure 1.3d) and chemical sensors (Figure

1.36).14’31_36

1.3 Thermal Properties

In addition to being electronically conductive, graphene also exhibits a phenomenally
high thermal conductivity and this observation is a consequence of its atomic structure. While
graphene’s sp” hybridized system allows for the ballistic transport of electrons, its rigid covalent
bonds are responsible for the quick dissipation of lattice vibrations known as phonons, which
leads to extremely high thermal conductivities () >3,000 W mK™' at room temperature.®’

The thermal properties of materials are known to change when the dimensions are
reduced to the nanometer scale.”® Heat conduction in lower dimensions is predicted to have an
infinitely large intrinsic K, because transport is confined to just one lateral dimension. Thermal
transport can be limited by anharmonic phonon-phonon or phonon-electron scattering processes
known as Umklapp scattering and also by defects. For all intents and purposes, K in graphene
can be readily explained in two ways - it is either ballistic or diffusive. When the mean free path
(A) of the phonons is larger than the channel length (L), it is ballistic. Conversely, when A is
diminished by grain boundaries or other scattering centers, A < L, and the thermal transport is
diffusive.” Isotopically labeled *C was used to demonstrate that heavier carbon creates
scattering centers and alters the thermal transport (Figure 1.4a). Applications in the areas of
optoelectronics, thermal management, thermoelectrics and solar energy harvesting are likely to

be impacted by graphene’s thermal properties (Figures 1.4b,c).***!
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Figure 1.4 Thermal properties and applications of graphene. Raman mapping and thermal
conductivity values for combinations of isotopically labeled graphene (a); graphene bolometers
detect temperature-induced changes in electrical conductivity caused by the absorption of light
(b). An illustration and spatially resolved photocurrent map demonstrates that gating a portion of
the graphene creates an artificial p-n junction (c). Figures 1.4a,b reproduced with permission**'

© (2012) Macmillan Publishers Limited. American Chemical Society and 1.4c reproduced with

permission** © (2011) Science.



1.4 Optical Properties

Graphene shows remarkable optical properties. An example is that it can be visualized
on silicon dioxide as it forms an interference pattern, even though it is only one atomic layer
thick.”” Figure 1.5a shows CVD grown graphene transferred onto a silicon/silicon dioxide
substrate. Graphene’s transmittance can be expressed in terms of a fine-structure constant and
can be derived using principles for thin-films with a fixed universal optical conductance.” The
transparency of a single layer of graphene in the visible region has been both calculated and

measured to be ~97.7% (Figure 1.5b).
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Figure 1.5 At just one atomic layer thick, graphene can be seen on silicon with a 300 nm oxide
(a). Optical measurements are used to calculate that graphene absorbs 2.3% of visible light (b)
and maintains a relatively uniform absorbance across the visible spectrum (c). Figure 1.5b,c

reproduced with permission* © (2008) Science.

An alternative approach for describing graphene’s optical properties is to consider it as
a large macromolecule with highly delocalized electrons. Conjugated systems are used
extensively for dyes and pigments because their delocalized electrons absorb photons of specific

wavelengths and our eyes interpret the reflected residual wavelengths of light as color. As the



degree of conjugation increases, longer wavelengths (i.e. lower energies) of the electromagnetic
spectrum are more readily absorbed.

Emitted photons can be reflected from, absorbed by or transmitted within a material.
In some cases, photons do not possess an appropriate energy to be absorbed and will scatter.
According to Kirchhoff’s law, any material that is a strong absorber of a given wavelength is
also a strong emitter at that wavelength and vice versa. A strong photon absorbing material
generally has a small band gap, thus making it easier for electrons to be promoted to a higher
energy level. Graphene is a zero band gap crystal with delocalized electrons that behaves as if
they were massless. It is for this reason why graphene not only absorbs visible wavelengths of
light, but also electromagnetic energy uniformly across the spectrum, from infrared to

. 3,10,43 4
ultraviolet,>! %43+

The 97.7% transmittance is a direct consequence of the carbon atoms strongly
absorbing visible light, with the remaining photons transmitting through the honeycomb structure.

The high in-plane conductivity, flatness and relative transparency of graphene makes it
an obvious choice for use in optoelectronics. The absorption spectrum of single layer graphene
is quite flat from 300 — 2500 nm.*® This property makes it potentially attractive for IR shielding
for next generation stealth technology. Photodetection, a measure of absorbed light and
conversion into electrical current, is another possible venue.*> Since graphene can absorb and
reemit energy so rapidly, from the ultraviolet to the terahertz range, and has a large mobility, it
can be used to make fast and highly sensitive photodetectors (Figure 1.6a), transparent
conducting windows (Figure 1.6b), alternating current electroluminescence devices (Figure 1.6¢),

and light polarizers (Figure 6d).'%*" 2470
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Figure 1.6 Optoelectronic graphene-based devices. A schematic of a graphene-quantum dot
hybrid phototransistor (a) shows enhanced photon absorption for sensitive photodetector
applications. Graphene can be used as a transparent electrode to make touch screens (b) and
alternating current electroluminescence devices (c). A fiber-to-graphene coupler polarizes light
(d); Optical image shows polarized green light. Figure 1.6a,b and d reproduced with
permission*®™** © (2010) (2012) and (2011) Macmillan Publishers Limited. Figure 1.6¢

reproduced with permission®' © (2011) American Chemical Society.
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1.5 High Surface Area

The surface area of nanomaterials is generally very high and graphene, with a calculated
value of 2630 m* g™, is no exception.’' In general, high surface area translates into increased
reactivity. Since graphene comes in several varieties, these should be considered separately.
CCQG has the benefit of being solution processed leaving both sides available for reactions. The
largest concern for pristine graphene is that up to half of the area is impeded by its interactions
with a support structure. Due to a lack of high-throughput methods, there is no practical way so
far to obtain large quantities of suspended graphene, so typically only one side is exposed.
Stacking multilayers of graphene is problematic because the space between each layer is
commonly inaccessible. Despite this, there is a plethora of space on one side of a graphene sheet
that can be used as a scaffold for catalysis.

The required characteristics of a scaffold for catalytic application are: chemical and
electrochemical stability, high electrical conductivity and a high surface area to uniformly
disperse catalyst particles. All of the above requirements are intrinsic to graphene and
scaffolding of nanoparticles for purposes such as artificial photosynthesis, photodetection and

fuel cells demonstrates this utility.”>*

For high energy density applications, a suspended or
multi-dimensional architecture is required.”* >

With conventional energy sources peaking, the demand for renewable energy and energy
efficient technology is on the rise. Many researchers have explored the potential of graphene and
CCG as materials of choice for high energy density applications (Figures 1.7a-c).’'”*>®
Alternatively, multi-dimensional graphene can be grown onto porous nickel foams using CVD
(Figure 1.7d).* These new derivatives of graphene have shown remarkably large charge

capacitance values while maintaining high conductivity. The exceptional electrochemical

performance of graphene-based supercapacitors is due to reversible charge storage within the

12



available surface and crevice spaces, inherent to a 3D structure.” Another potentially scalable
method to synthesize high surface area graphene for supercapacitors is using a laser scribe.”>®

Graphene’s high surface area may also find use in improving battery electrodes,” especially

since carbon is an earth abundant material.

- d Ni foam graphene foam

aG-O film

LSG

Polymer Flexible
electrolyte substrate

Figure 1.7 Graphene’s surface area can be enhanced with 3D architectures, which extends its
utility into areas such as energy storage. Examples include: porous, activated graphene oxide
films (a), crumpled reduced-GO (b), laser-scribed graphene films (c), and a porous network of
graphene grown via CVD onto a Ni foam (d). Figure 1.7a,b reproduced with permission®>> ©
(2012), (2011) American Chemical Society. Figure 1.7¢ reproduced with permission®® © (2012)

Science. Figure 1.7d reproduced with permission® © (2011) Macmillan Publishers Limited.

1.6 Hydrophobicity

The surface forces on materials vary from hydrophobic to hydrophilic. In the case of
pristine graphene, it is hydrophobic with a relatively large contact angle near 90°.*°° Figure 1.8a
shows an optical image of graphene on a glass cover slip. Water beads onto the glass areas that
do not contain graphene because graphene has a lower surface energy than hydrophobic glass.
Contact angle values for single and multilayered graphene are plotted in Figure 1.8b. In terms of
polarity, the carbons along the basal plane have the same electronic configuration and are

essentially identical. The net result is a lack of polarity across the crystal surface.”’ This can be

13



utilized to make hydrophobic coatings, useful for a water barrier when graphene’s conductivity is
not an issue.*” * Chemically converted graphene contains additional functional groups such as
polar oxygen or hydroxyl species, thereby making it amphiphilic. Graphene oxide sheets, which
are by nature hydrophilic, can be electrophoretically deposited into hydrophobic
microstructures.” This highly hydrophobic, low-density material can be used to produce water
resistant coatings for windshields that shed water so effectively that they don’t need wipers and

ship hulls so slippery that they glide through the water more efficiently.®’
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Figure 1.8 A hydrophobic coating made from graphene. Optical image of water isolated along
the edges of a glass cover slip where graphene is absent (a). Contact angle measurements of
water on a glass slide with increasing numbers of graphene (b). Figure 1.8b reproduced with

permission® © (2011) Macmillan Publishers Limited.

1.7 Impermeability
Membranes are used to isolate one species from another. We see evidence of this in
common food packaging. Graphene can conceivably play an important role in this area because

of its ability to not only repel water, but even small atoms such as helium.®**® In the honeycomb

14



structure of graphene, the hexagons possess a diameter of 0.28 nm. A simple size exclusion
principle dictates that atoms with larger diameters cannot pass through it. Helium, however, has
a Van der Waals radius of 0.14 nm, but still cannot pass through. While little explanation has
been provided, it has been pointed out that if helium were a point particle, classical effusion
principles would dictate that each atom would pass through at a rate of ~1 atom per second
(STP).”” The researchers, however, measured a much slower rate, comparable to the diffusion
rate of helium through a glass substrate and claim that graphene is impermeable to even helium

atoms. (see Figures 1.9a,b).
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Figure 1.9 Graphene membranes made from reduced graphene oxide (a) and pristine graphene
(b) can be used for blocking permeation of gases such as helium and for anti-corrosion coatings
(c). Figure 1.9a reproduced with permission® © (2012) Science. Figure 1.9b,c reproduced with

permission®>®* © (2008), (2012) American Chemical Society.

The resistance to gas permeation has the potential to improve other areas of technology.
For instance, inorganic and organic solar cells commonly use metal oxides such as indium tin

oxide (ITO) as a transparent conductor because of its high transparency and low resistivity.
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Besides being mechanically brittle, ITO lacks the ability to protect free ions from diffusing
between stacked layers. Graphene could be an ideal candidate for protecting against such leakage.

Metal corrosion is another problem that costs US industries more that $200 billion
annually.”” A pristine and uniform graphene layer possesses the capability to act as an
anticorrosion or antifouling coating. Figure 1.9c shows that graphene coatings reduce the rate of
corrosion on nickel. As graphene has been shown to be biocompatible,”’ this may even prove to

be useful for implantable devices.

1.8 Structural Robustness

The strength of a material is determined by how much stress can be applied without
fracture and is quantified as a measure of force acting on a specific area. Stress terms can be
defined as compression, tensile, shear and torsion. To measure the tensile strength (elasticity) of
graphene, a force must be applied perpendicular to the basal plane of carbon. Figure 1.10a
shows that graphene has an exceptionally high Young’s modulus of 1,000 GPa, a shear modulus
of 280 GPa, and an ultimate strength of up to 130 GPa — which is several orders of magnitude

higher than that of either steel or diamond.>®%%

In addition to strength, graphene is quite
flexible. These remarkable properties are a testament to the strength of carbon’s short covalent

bonds in a hexagonal layered structure.
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Figure 1.10 The strength of graphene is dependant on the atomic structure. A schematic

representation of nano-indentation on a suspended graphene membrane is shown below the
resulting stress and deflection curves versus normalized radial distance at maximum loading (a).
The structures of grain boundaries in zigzag and armchair-oriented graphene sheets with varying

mismatch angles and the calculated stress-strain curves for graphene pulled perpendicular to the

grain boundaries (b). Figure 1.10a,b reproduced with permission*’" © (2008), (2012) Science.

There is a correlation between tensile strength and grain size showing that graphene

sheets with highly misaligned grain boundaries are even stronger than slightly misaligned ones.

In this regard, graphene can be strengthened by an increase in structural defects. A computational

study suggests that 5- and 7-membered ring (Stone-Wells) grain boundary defects could account
18



for the intrinsic strength of CVD graphene (Figure 1.10b).”° Graphene has been assembled into
fibers, papers, composites, transparent and conductive films and 3-D networks.”'”* Composite
materials could benefit from the integration of a robust, lightweight reinforcement mesh such as

graphene.

1.9 Biocompatibility

Graphene is of interest to biology, medicine and bioengineering because it can be
considered to be a biologically compatible material. A biocompatible material consists of two
elements, biosafety (absence of negative responses) and biofunctionality (ability to perform a

designed task).**">"

Since graphene meets these two requirements, it has been studied as a
scaffold for drug delivery and as a substrate for cell growth.” However, careful consideration as
to where graphene is placed, its concentration and how it is used are of paramount importance.
Reports discussing the effects of exposure of graphene oxide and graphene to certain cell
lines and bacteria have often met with mixed results because of differences in lateral dimensions
and chemical composition.”” The lateral dimensions of graphene affect how successful cellular
interactions, such as endocytosis, will be and if small enough graphene platelets can be
phagocytosed (engulfed) by macrophages (see Figure 1.11a)." Drug delivery therapeutics,
specifically for treating neurological diseases, requires small enough sheets of graphene to cross
the blood-brain barrier (BBB), so it is advantageous to use CCG or even GO in some instances.”®
Studies investigating the effects of GO and CCG films with Escherichia colia and
Staphylococcus aureus bacteria show that chemically converted graphene is more toxic to these
bacteria than graphene oxide.” This effect has been attributed to a more efficient charge transfer

between the bacteria and the more sharpened edges of the CCG. Graphene’s chemical sensing

ability and conductivity allow it to interface with neurons and other cells that communicate via
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action potentials. Large area graphene has been shown to act as a scaffold for cell growth within

the body (see Figure 1.11b).”” Research in this area is relatively new and warrants further study.

25 pmbréﬁhene

Figure 1.11 Potential biological applications for graphene include anticancer drug delivery, and
as a scaffold for cell growth. Size-dependent internalizations of graphene (black) by human
macrophages (blue) for clean and graphene exposed cells with lateral dimensions up to 25 pm,
red arrow (a). Cortical neurons grown on graphene (nuclei are stained blue) demonstrate cell
proliferation (b). Figure 1.11a reproduced with permission®’ © (2012) American Chemical

Society. Figure 1.11b reproduced with permission’® © (2012) Macmillan Publishers Limited.

1.10 Future outlook and organization of dissertation

The intrinsic properties of graphene are structurally dependent and can be explained in
terms of chemical bonds and delocalized electrons. Synthetic routes to graphene and processing
techniques are advancing and will continue to be an active area of research likely leading to new

phenomena and uses. Many scientists have explored applications of graphene in their favorite
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areas of research ranging from charge storage to drug delivery, but only time will tell what
ultimate applications will emerge. One thing is for certain; graphene is a truly versatile material
that will continue to impact cross-disciplinary fields for many years to come.

Having said this, one of the more compelling challenges within the graphene community
is to determine a practical and scalable method to synthesize it for wide spread use. This thesis
accounts for several significant advances to the fields of graphene namely in synthesis/isolation,
characterization and device applications. The chapters herein highlight both Top-down and
Bottom-up routes to graphene, which includes intercalation/exfoliation, chemical reduction with
hydrazine and other organic reagents and Chemical Vapor Deposition on copper catalyst

16,23,73,80
surfaces.!¢?*7>

While synthetic routes are of great importance, there will also be emphasis on
how these different approaches have afforded unique opportunities to explore graphene’s
properties through novel applications such as: transparent electrodes for organic photovoltaic

cells, flash memory storage structures and biocompatible electrodes for nerve cell

gI'OWth 23,32,48,73
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Chapter 2: Top-down Synthesis of Graphene and Applications

2.1 Impetus for Solution Processing and Stenciling of Small Graphitic Structures

Generating alternative and successful approaches to isolating single layer graphene has
proven to be a large undertaking. Across the globe, several interdisciplinary groups have
embarked on this quest, which resulted in a plethora of results; some remarkable and some
prosaic. As this field has matured over these past eight years only a few of those processes have
emerged as desirable pathways. This chapter discusses one such approach; solution processing
of chemically converted graphene. Many topics will be introduced and discussed throughout this
chapter: processing, methods to enhance the material output and its overall properties; deposition,
a myriad of ways to deposit and isolate single — few layers of graphene for electronic devices and
thin film conductors; and finally, applications, which is simply an exploration of the intrinsic
properties of the material through device architectures. Before these concepts are discussed, it
should be mentioned that other low dimensional allotropes of carbon, such as fullerenes and

nanotubes, could also be solution-processed alongside chemically converted graphene (CCG).

2.2 Synthesis and Processing of Graphitic Structures

CCG, a useful analog of graphene, is a practical alternative, when high electrical
performance is not a critical necessity. This chapter discusses the ability to solution process
chemically converted graphene in anhydrous hydrazine, due to the residual functional groups
interacting with hydrazine; at least this was the hypothesis. To test this, other allotropes with and
without residual functional groups were examined to re-examined and extended to include

carbon nanotubes and fullerenes. It was found that un-functionalized carbon nanotubes do not
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interact with hydrazine and settle to the bottom of a vial of hydrazine. To form a stable
dispersion of CNTs and fullerenes in hydrazine, we suggested that the formation of hydrazinium
compounds comprised of negatively charged CNTs and [6,6]-phenyl-Ce;-butyric acid methyl
ester (PCBM) surrounded by N,Hs" counterions was needed, as discussed in more detail later.
Such hydrazinium compounds are known to readily disperse in hydrazine.

Similar to a previous study, graphene oxide (GO) was used as a precursor to CCG.' The
graphite oxide materials used for these experiments were prepared via a modified Hummer’s
method” and produced copious amounts of GO, which can be and was stored as aqueous (2%
w/v) dispersions and used as needed. Prior to reduction, the GO paste was dried under vacuum
using 0.22 pum alumina Anodisc filter membranes, purchased from Whatman. A thick, black
paper-like material is produced after 24 h of drying under ambient conditions. P3 single-walled
carbon nanotubes, purchased from Carbon Solutions Inc., were purified by refluxing for 1 h in
ethanol followed by a mild oxidation in a 1 molar nitric acid solution to integrate hydroxyl
moieties onto the surface of the nanotubes. Similar to GO films, these water dispersible
nanotubes were suspended into water, filtered and dried under vacuum for 24 h. Dry powders of
PCBM were purchased from Nano-C, Inc. and used as received.

The materials were pre-weighed, transferred into a nitrogen glove box, dissolved into
clear anhydrous hydrazine and left to stir for at least 24 h. Effervescence of nitrogen gas
occurred upon contact with hydrazine. CCG and CNTs dispersed in hydrazine formed black
colloids, while the PCBM dissolves in hydrazine to yield a dark yellow, translucent solution.
Chemically converted graphene, carbon nanotubes and PCBM hydrazinium dispersions were
prepared in concentrations of 1 mg/ml, 10 mg/ml and 15 mg/ml, respectively, and subsequently

purified to remove larger aggregates.
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Hydrazinium graphene and carbon nanotube suspensions were purified using a
combination of centrifugation, dilution and ultra-sonication, while dispersions of PCBM are
simply diluted to different loading conditions to vary the final thicknesses. To isolate single and
few layer sheets of CCG and single from bundled carbon nanotubes, the respective dispersions
were centrifuged, using a Heraeus Labofuge 400, between 1200 and 1500 rpm for 45-60 minutes.
This process helped to separate the materials based on their masses. For a typical 1 mL
centrifuge vial, the top 100 pL is collected in an air-free environment and dispersed into 900 pL
of fresh anhydrous hydrazine. The dregs, at the bottom of the vials, were not used for any
further investigation beyond the initial analysis. In some instances, sonication was then used to
help disperse the materials into the hydrazine. Sonication was carried out using a VWR model
250D sonicator set at level 9 for 10 min. Interestingly, it was found that prolonged exposure to
sonication assisted in further breaking up of the graphitic materials into smaller fragments.

When a 532 nm green laser is projected through purified mixtures of carbon nanotubes
(0.1 mg/ml), PCBM (0.5 mg/ml) and chemically converted graphene (0.1 mg/ml), respectively,
light scatters differently based on the Tyndall effect. A beam of light traveling along a straight
path will be scattered if it comes into contact with discontinuities such as colloidal particles in a
suspension, as seen in Figure 2.1. A higher loading concentration of PCBM was used to enhance
the yellow color of the solution, which may account for a modicum of light scattering that can be
seen through the solution. Additionally, the glass vial diffracts some light around the edges. The
difference in light scattering intensity correlates with differences in particle size and
dimensionality. Since a single-walled carbon nanotube can be thought of as a rolled-up graphene
sheet, it is logical that they will absorb up to twice as much visible light. Likely for this reason,

CNT dispersions appear darker and scatter light more heavily than CCG colloids.
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Figure 2.1 The “Tyndall effect “ is observed upon shining a 532 nm green laser through a 0.1
mg/ml mixture of carbon nanotubes (left), 0.5 mg/ml phenyl-Csp-butyric acid methyl ester
(middle) and 0.1 mg/ml chemically converted graphene (right) dispersed in hydrazine. Figure

2.1 is reprinted with permission® © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PCBM disperses in hydrazine to form a transparent yellow solution, shown in Figure 2.1,
at a rather high loading (17 mg/ml). The compatibility of PCBM in hydrazine can be attributed
to the functionality present on the fullerene, which also enables it to be dissolved in common
organic solvents.” Interestingly, while PCBM forms a solution in hydrazine, CNTs and CCG
tend to form colloidal dispersions in hydrazine. The reason for this is likely due to differences in
size. The dimensions of a fullerene are within the nanometer regime, while the other two
allotropes contain at least one dimension on the micron scale.

As described in another paper,' CCG can be deposited onto a variety of substrates via spin-

coating. Since hydrazine is inherently hydrophilic, the SiO, or glass substrates are generally
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pretreated with a 30 W powered oxygen plasma source, for 5 minutes, to activate the surface
functional groups and enhance the hydrophillicity. These substrates were brought into an air-free
glove box and used as surfaces to deposit graphitic materials via drop-casting and spin-coating.
After deposition, thermal annealing carried out at a relatively low temperature (150°C), can be
used to drive off residual hydrazine.' The shortcoming of this method is that deposition is

random and at best, produces films of CCG that can be used as semi-transparent electrodes.

2.3 Selective Deposition of Graphene Using Stencil Masks

One solution to the impasse of random distribution was to prepare stencils that would be
stable in the presence of hydrazine.” The idea stemmed from previous t-shirt designing exploits
as wells as studies involving the patterning of carbon nanotubes and fullerenes into a matrix.>””
For example, carbon nanotubes have been patterned through soft transfer printing,’ spray-
coating,’® ink-jet printing,” and dielectrophoresis,® but low resolution and length limitations of
the nanotube can be problematic. Arrays of fullerenes have also been constructed, for example,
via  physical  vapor transport (PVT) onto self-assembled monolayers  of
octadecyltrichlorosilane.” Fullerenes arranged by PVT have been utilized in organic field effect
transistors and in the photoactive layer of bulk heterojunction solar cells. While relatively large
fullerene features on the order of 8 x 8§ um can be obtained on silicon with PVT, the typical
processing temperatures required for this technique (425 - 500°C) preclude the use of flexible
plastics as substrates for device fabrication.

Hydrazine is a strong base that interacts strongly with many materials. With this in mind,

thin elastomeric membranes comprised of polydimethylsiloxane (PDMS), which is stable in

hydrazine, can be used as a physical mask for patterning chemically converted graphene (CCQ),

32



carbon nanotubes (CNT) and fullerenes dispersed in hydrazine. Furthermore, this method
represents a simple and versatile process to selectively register these carbon nanomaterials into
configurations suitable for nano electronic devices.

PDMS is an elastomeric material that has become ubiquitous in applications ranging from
microfluidics, biomedical packaging, and the soft lithographic patterning of a variety of materials
including metals.' PDMS is well suited as a mask material based on the ease with which it can
be fashioned into many desired structures, as well as its resistance to many chemical and
physical processes. PDMS is also a flexible material that makes intimate contact by conforming
to the contours of the surface. In this case, it was designed to make a leak proof mask from

which the solution-processed material can be deposited into.

2.3.1 Fabrication of Elastomeric Membranes and Stenciling of Carbon Nanomaterials
Templates for preparing PDMS membranes with defined cavities were fabricated with

conventional photolithography. Figure 2.2 outlines the process used to mold an elastomeric

membrane from the photo-lithographically prepared master and to stencil arrays of graphene,

carbon nanotubes and/or fullerenes from charge-stabilized solutions in hydrazine.
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Figure 2.2 A schematic diagram illustrating how to stencil carbon-based nano-materials onto
any substrate using an elastomeric lift-off membrane: Wafer view (left) and side view (right). a)
A master silicon wafer with raised photoresist features is fabricated; b) a thin PDMS layer is then
spin-coated onto the master wafer, which is c) subsequently removed and d) placed onto a new
silicon wafer with a 300 nm thermal oxide coating. e) Carbon-based nano-materials are then
spin-coated over the entire membrane. f) The coated membrane is finally lifted-off leaving
behind an array of carbon-based nano-materials. Figure 2.2 is reprinted with permission® © 2010

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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To inhibit SU-8 and PDMS lamination, the features are exposed to tridecafluoro-1,1,2,2-
tetrahydrooctyl-1-trichlorosilane under vacuum for 1 h rendering the features hydrophobic. A
Veeco Dektak profiler was used to measure the step heights of the SU-8 features to be 135-140
um in height and the width ranges between 75 — 200 um. The features are made by spin-coating
SU-8 2100 onto a silicon wafer at 2000 rpm. Post annealing, the films are exposed to UV
irradiation using a Karl Suss contact aligner and the non-exposed regions are developed away in
SU-8 developer. The final designs are rinsed with isopropyl alcohol and hard baked.

Stencils were prepared by spin-coating Sylgard 184 - polydimethylsiloxane (PDMS) over
the master wafer at speeds of 2500 - 3000 rpm, which yielded membranes with thicknesses of 10
— 50 um. Low molecular weight polymers were removed from the membranes by soaking for 2
h in dichloromethane and drying in a vacuum oven at 65°C overnight. The treated membranes
were finally rinsed with IPA and dried in a desiccator overnight.

Images of a typical PDMS membrane are provided in Figure 2.3 to illustrate the uniformity
of the features. Once cured, PDMS membranes are cut from the mold using a clean razor and
placed onto a substrate with fine tip tweezers, Figure 2.3a. These membranes are freestanding
and not limited by the shapes described here. Furthermore, the master wafer is reusable several
times over and fresh PDMS membranes can be readily fabricated, sidestepping the arduous task

of pre-fabricating alignment markers prior to every deposition.
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Figure 2.3 a) A freestanding elastomeric membrane held by tweezers. Pores made from a
silicon mold are clearly visible. b) An optical microscope image of the membrane pores shows
the blue silicon dioxide substrate beneath it. c) An SEM image shows a cross-sectional view of a
folded membrane, d) and a magnified view of the membrane pores. Figure 2.3 is reprinted with

permission® © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The thin PDMS sheet conforms to the substrate surface as seen in Figure 2.3b, which
shows the membrane resting on top of a silicon oxide surface (blue) with no visible air pockets.
In instances where the membrane is very thin, a few drops of isopropyl alcohol are used to
temporarily lubricate the surface to prevent the membrane from self-adhering.

The wettability of the substrate surface plays a vital role in determining the uniformity of
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material coverage. For instance, a completely hydrophobic surface will limit the material to
beaded regions along the corner of the substrate and virtually no deposition through the stencil.
To reduce the surface tension we briefly expose our membrane-covered substrates to an oxygen
plasma. After this treatment, the surface becomes temporarily hydrophilic, enabling the
deposition of CNTs, CCG, or PCBM into the membrane cavities via spin-coating.

After deposition, the PDMS membrane is removed and defined arrays of chemically
converted graphene, carbon nanotubes and fullerenes are revealed. The substrates are then
thermally annealed to drive off any residual hydrazine. In Figure 2.4, arrays patterned from the

hydrazinium solutions can be seen.
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Figure 2.4 Optical microscope images of silicon oxide substrates show patterned arrays of
carbon materials with representative Raman spectra: a) Chemically converted graphene, b)
single-walled carbon nanotubes and c) phenyl-Cgo-butyric acid methyl ester (PCBM). Figure 2.4

is reprinted with permission* © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.4 Analysis of Stenciled Graphene, Carbon Nanotubes and Fullerenes

Raman spectroscopy was used to further demonstrate the presence of each graphitic
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material within the pre-determined locations, as seen in Figure 2.4. The Raman spectra of
chemically converted graphene shows a G band around 1600 cm™, while the spectra of carbon
nanotubes have two peaks at the G band resulting from the semiconducting (larger) and the
metallic (smaller) conformations."! For PCBM, we resolved several peaks hidden beneath the
strong fluorescing band as well as the characteristic 1450 cm™ peak.'

Scanning electron microscope (SEM) and atomic force microscope (AFM) images taken
within the individual arrays provide a detailed overview of the surface coverage and nano-
topology of the materials. Figure 2.5a shows the AFM step height of CCG to be ~0.6 nm,
indicative of a single layer as explained by Tung et al.'" We can control the amount of material
deposited by changing the concentration of the dispersions as needed. In Figure 2.5a, we used a
concentration of 0.1 mg/ml to deposit a single sheet of graphene. In Figures 2.5b and 2.5c the
SEM and AFM images show bundles of single-walled carbon nanotubes and large round
aggregates of coalesced PCBM, respectively. Similarly, a few bundles of CNTs can be isolated

through dilution of the graphitic dispersion.
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Figure 2.5 a) SEM (left) and AFM (right, false color) images with corresponding line profiles
(inset) confirming a step height of less than 1 nm, indicative of chemically converted graphene.
b) An SEM (left) and an AFM (right) of a dense network of CNT bundles. ¢) An SEM (left) and
an AFM (right) showing the topology of PCBM aggregates. Figure 2.5 is reprinted with

permission® © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

This clean transfer process can be used in the low temperature and high throughput
fabrication of field effect transistors (FETs) and organic light emitting diodes (OLEDs). For

electronic applications, patterned arrays of these carbon nanomaterials could reduce, if not
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eliminate, parasitic current paths (cross-talk) between neighboring devices."

2.5 Chemical Treatment and Ionic Doping for Enhanced Transparent Electrode
Applications

In recent years, there have been several reports discussing graphene’s possible uses as a
transparent conductor in touch screens, solid-state lighting and solar cells.'*'® As most graphene
produced by CVD and chemical reduction processes have yet to record conductivities high
enough for electrode applications, doping of these materials has been studied.” Doping
processes of CVD graphene with nitric acid, nitro-methane and AuCl; show characteristics of p-

1721 while polyvinyl alcohol is reported to n-dope mechanically exfoliated graphene.”

doping,
Doping can reduce the resistance of graphene films to a few hundreds of ohms, bringing it to the
range of indium tin oxide. Modification of carbon nanotubes has been carried out using a
number of species in the vapor and liquid phases. Thionyl chloride (SOCI,) is a commonly used
solvent and inorganic acid known for dehydrating and chlorinating oxygen containing
hydrocarbons. Similar effects have been observed in nanotubes exposed to strong inorganic
acids such as nitric and sulfuric acids, but these effects are believed to be due to oxidation and

3

removal of surfactant groups.” Thionyl chloride is capable of comprehensively modifying the

basal planes and open ends of graphitic materials, creating platforms for attachment of a variety

11,24

of functionalities. Previous work has shown that the conductivity of single-walled carbon

nanotubes increases upon treatment with SOCI,. 11

The modification process involves
simple immersion either in liquid or vapor phase SOCl,, so the mechanism behind their
increased conductivity warrants further analysis. Similarly, the structural similarity with carbon

nanotubes makes it logical that graphene and composites of graphene and carbon nanotubes (G-

CNT) would be affected by this chemical treatment in an analogous manner. While there have
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been reports on dopant- or solvent-induced changes in the electronic properties of graphitic
materials, there has been a lack of conclusive evidence to explain the improvement in
conductivity in chemically converted graphene and graphene-CNT nano-composites treated with
SOCl,. In this study, we explore the effects of thionyl chloride on the physical and chemical
properties of pristine graphene and examine the changes in the structure and morphology of G-

CNT nano-composites that lead to improvements in their transparent conducting properties.”

2.5.1 Preparation and Doping of CCG and G-CNT Transparent Conductive Films

The combination of CNTs and CCG into a single mixture results in an overall
enhancement in the conductivity, all while sacrificing little in transparency. Interestingly, the
sheet resistance values of the combined materials were lower than that of the materials separately.
Chemically converted graphene and graphene-carbon nanotube nano-composite films were
prepared using previously reported procedures.'* GO was obtained via oxidation of graphite
using Hummers’ method, followed by filtration to remove water. The GO paper was then
dispersed and reduced in anhydrous hydrazine without surfactants. This dispersion was purified
after being mixed for one week to insure complete reaction. The CCG dispersion was then
centrifuged at 1500 rpm for 60 minutes and the top 40 wl of the supernatant was collected and

diluted with 60 ul of fresh hydrazine to reliably disperse the single sheets."'

Similarly,
SWCNTs were weighed out and dispersed into anhydrous hydrazine for one week. The resulting
dispersion was centrifuged at 2000 rpm for 60 minutes and the top 40 ul was collected and
diluted with fresh anhydrous hydrazine. These two dispersions were then mixed in a ratio of 1
part CCG to 5 parts CNTs, to make G-CNT. A post-treatment process combining ultra-
sonication and centrifugation can be used to vary the composition of the dispersions before

deposition. Films were then deposited from surfactant-free dispersions in hydrazine onto a
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myriad of substrates by spin-coating. A mild annealing process, at 110°C, was applied to ensure
adequate removal of the solvent. Additional studies on graphene were performed on sheets of
mechanically exfoliated graphene, or pristine graphene, which were transferred onto silicon
substrates with a thermally grown 300 nm silicon oxide.

Vapor treatments were performed in glass Petri dishes. Substrates with dried CCG, G-
CNT composites and pristine graphene were placed into these vapour treatment chambers and ~1
mL of liquid SOCI, was dispensed into the dishes and around the samples, with care taken to
avoid direct contact. We find that extended immersion into thionyl chloride results in complete
delamination from the substrate. The dishes were covered and allowed to saturate with vapor at

135°C for at least 15 minutes, or until the vapor had dissipated.

2.6 Analyzing the Effects of Exposure to Thionyl Chloride
2.6.1 Raman Spectroscopy

Raman spectroscopy is a versatile and non-destructive characterization technique for
obtaining information on the quality of many poly-aromatic hydrocarbons. The assignment of
the D and G peaks, and their overtones, is now a straightforward process that has been discussed
at great length.'"**** The Raman spectra of all carbon materials are dominated by sp” vibrations,
since visible excitations resonate with m states, while sp’ sites can only be activated upon UV
excitation.'”® The G peak, which resides at ~1560 cm™, is a result of bond stretching from all
pairs of sp atoms in both rings and chains.

The G-band in graphitic materials typically exhibits a substantial up-shift for electron-
acceptor dopants (e.g. bromine, iodine and nitric acid), while displaying a down-shift for

7

electron-donor (e.g. potassium) dopants.”” Upon exposure to thionyl chloride vapor, electrons
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originally residing on the graphitic framework are pulled toward the more electronegative atoms,
leading to charge redistribution.

Raman spectra were obtained for chemically converted graphene, mechanically
exfoliated graphene (pG) and CCG-CNT composites, before and after 15 minutes of thionyl
chloride exposure (Figure 2.6). The full width at half maximum (fwhm) for the 2D mode of our
pristine graphene was measured to be 33 cm™, indicating that a single layer was being used for
this experiment. Blue shifts in CCG (Figure 2.6 a) from 1595.9 to 1601.1 cm™ (~5.2 cm™),
pristine graphene (Figure 2.6b) from 1587.7 to 1592.5 cm™ (~4.8 cm™) and G-CNT (Figure 2.6
¢) from 1592.1 to 1600.2 cm™ (~8.1 cm™) were observed, which signifies electron transfer from
the graphitic materials to the dopants. The shape of the G band can also be used to understand
the changes in the in-plane force constant and determine if a graphene flake has been
intercalated.”® As shown in Figure 2.6 (a-c), no splitting of the G peak is observed, indicting that
this anion interaction does not form an intercalation compound. This is important in
understanding the role of the anionic dopant in the graphene system. The physical adsorption of
anions is a similar effect to that of other halogen dopants such as bromine or iodine, whereas
nitric acid and diazonium are believed to intercalate into the graphitic layers."” The shape of the
G peak in the G-CNT system, see Figure 2.6c, is an exception to the splitting since its shape is a

result of combining mostly semiconducting carbon nanotubes with CCG.
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Figure 2.6 An up-shift in the Raman spectrum for the G peak is observed after fifteen minutes of
thionyl chloride exposure. (a) A pristine graphene flake red shifts by 5.2 cm™; (b) a chemically
converted graphene flake shifts by 4.8 cm™; and (c) a CCG-CNT hybrid film red shifts by 8.1

cm’'. Figure 2.6 is reprinted with permission® © 2011, Royal Society of Chemistry
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2.6.2 Chemical Bonding of Thionyl Chloride to the Graphitic Structures

To gain insight into the effect of thionyl chloride on graphene, XPS and EDX were used
to elucidate bonding information on graphene, CCG and G-CNT thin films. The nature of the
chemical modification to the graphitic structures was determined by XPS analysis. Spectra were
collected for pristine graphene, CCG and G-CNT that were deposited onto silicon substrates with
a 20 nm gold layer added on top to avoid charging effects. It has been shown that pristine
SWCNT form many C-S bonds and some C-Cl bonds when exposed to liquid SOCI, at elevated
temperatures,'' so similar doping interactions with pristine graphene were expected. Full core
level spectra for all three samples were collected and evidence for C 1s and Cl 2p peaks were
found, but an S 2p peak, which was observed in previous experiments with CNTs, was not found.
These results suggest that either the curvature and absence of carboxylic acid groups on the CNT
allows for molecular interaction of the SOCI, with the carbon and resulting C-S bonds, or the
SOCI,; fully decomposes in the vapor phase. In all instances, the XPS shows the same C 1s (for
sp” C) and Cl 2p (C-Cl) binding energies. Figure 2.7 (a, b) presents the results for CCG flakes
before and after treatment. Our results indicate that the C-Cl interactions form from the doping

process, which leads to the overall enhancement in electronic transport.
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Figure 2.7 X-ray photoemission spectra of thionyl chloride treated graphene materials were
taken to probe their chemical bonding: (a) C 1s and (b) Cl 2p of graphene. The chemical
composition of the materials was probed, after treatment, using energy dispersive X-ray (EDX)
spectroscopy for (c) both mechanically exfoliated pristine graphene (pG) and chemically

converted graphene (CCG) to verify the presence of chlorine. Figure 2.7 is reprinted with

permission® © 2011, Royal Society of Chemistry
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The C 1s peak at 284.4 eV for sp” carbon shifts by 0.5 eV to a lower binding energy
(283.9 V) after the vapor treatment, indicating that the sp® pi system has been affected. The Cl
2p core level spectrum shows two nonequivalent chlorine sites from the 3/2 and 1/2 levels, which
are separated by 1.4 eV due to spin-orbit coupling. The more intense peak at ~200.2 eV is a
result of Cl participating in C-Cl covalent bonding, while the less intense peak at ~198.8 eV is a
result of CI” ionic bonds with the carbon on the surface. This is significant as it shows that the
graphitic surfaces in the pG, CCG and G-CNT are modified by interactions with the Cl in the
thionyl chloride, instead of the S in unfunctionalized CNTs.

To confirm the chemical composition of the modified graphitic species, EDX spectra
were collected on both pristine and chemically converted graphene species. Figure 2.7 ¢ verifies
that only chlorine, carbon and oxygen (in the case of CCG) on the graphene and G-CNT post-
SOCI, treatment are present. Further analysis with micro-IR spectroscopy reveals the presence
of C-Cl bonds in both pristine and chemically converted graphene after vapor exposure to thionyl

chloride, as seen in Figure 2.8.
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Figure 2.8 IR data for mechanically exfoliated graphene and chemically converted data pre- and
post-thionyl chloride treatment, which verifies the presence of C-Cl stretching modes and O-H

stretching modes from the oxygen moieties remaining on CCG.

2.6.3 Morphological Changes to G-CNT Composites

The changes in chemical structure can be correlated to the morphology of the composites
using scanning electron microscopy (SEM). Thicker multilayer composites were analyzed, and
the micrographs show that the treatment promotes not only aggregation and cross-linking among
nanotube bundles, but also between the nanotubes and the graphene sheets. These results show
that chlorine, not sulfur-bound thionyl chloride must be responsible for this morphological
change. SEM images (Figure 2.9) suggest that the chemical modification with SOCI, facilitates
stronger interactions between the carbon nanotubes and graphene (Figure 2.9 a,b). The images

of graphene layers alone (Figure 2.9 c, d) show that the thionyl chloride treatment also promotes
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aggregation between layers and the incorporation of carbon nanotubes clearly provides an

additional pathway for 3-dimensional interactions.

Figure 2.9 Representative scanning electron micrographs (SEM) of graphene-CNTs
nanocomposites and CCG and an atomic force micrograph (AFM) of a single CCG sheet. The
SEMs of the nanocomposite (a) before, and (b) after SOCI, treatment indicate that the carbon
nanotubes bundle up on top of the graphene layers. (c) SEMs show an increased overlap
between graphene layers after (d) doping with SOCl,. AFM images of CCG (e) before and (f)
after treatment suggest that exposure to thionyl chloride can be detrimental to the overall fidelity
of a graphene flake. This anionic dopant does not induce intercalation and folding, but rather
causes rips and wrinkles. Figure 2.9 is reprinted with permission® © 2011, Royal Society of

Chemistry
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The bundling, coupled with the lack of G peak splitting from the Raman spectra suggests
that chlorine anions, from thionyl chloride, also act as adsorbents rather than intercalants. AFM
images further suggest that instead of folding along preferred crystallographic planes, the
graphene flakes slightly wrinkle, and in the case of CCG, they also rip (Figure 2.9 e, f). No
significant change in step height was measured on surveying the surface of the CCG with an
atomic force microscope tip, implying that either these anions are not strong enough to induce
folding or the concentration of the adsorbed vapor was insufficient to induce the type of folding

previously seen with bisulfate anions.®

2.6.4 Proposed Mechanism of Chloride Anion Doping

Scheme 1 illustrates a proposed reaction mechanism where thionyl chloride interacts in a
nucleophilic fashion with a carboxylic acid. In the presence of thionyl chloride, carbonyl oxygen
groups can form a chlorosulfite ester intermediate, which readily reacts with nucleophiles, as it is
a good leaving group. Upon formation of the acyl chloride, the displaced chlorosulfite ion is
unstable and decomposes into SO, and CI. Analogous reactions with CCG and carbon
nanotubes, where the edges and basal planes are functionalized with hydroxyl and carboxylic
functionalities, explain how thionyl chloride modification takes place. In the case of pG, the

edges are the preferred reaction sites and would likely chlorinate at terminating carbons.”
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Scheme 2.1 (a) Proposed reaction mechanism in which thionyl chloride undergoes a
nucleophilic interaction with a carboxylic acid releasing a chloride, which in turn can
functionalize groups present on chemically converted graphenes and oxidized carbon
nanotubes. R represents poly-aromatic hydrocarbon species; (b) visualization of how
chloride ions (green circles) are bonded to the carbons at the edge of a graphitic base.

Scheme 2.1 is reprinted with permission® © 2011, Royal Society of Chemistry

The effects of SOCl, on CNTs have been investigated, and it was found that the doping
mechanism occurs predominantly via bonding of sulfur to the graphitic backbone, with very little
C-Cl interactions.”” This doping mechanism was therefore expected for pristine graphene, but
that is not the case. We find that this proposed scheme applies only to CCG and functionalized

CNTs films. In the case of peeled graphene, chlorine anions formed in the vapor phase readily
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adsorb onto the surface and react with the delocalized pi system halogenating preferentially
along the edges, as they are the most energetically favorable locations.”” Since chlorination of
pristine graphene is possible with thionyl chloride, it is likely that other chlorinating agents will

react in a similar fashion.

2.6.5 Optical Transmission and Electrical Conductivity

Maintaining optical transmittance with high conductivity is vital for transparent
conductor applications. Nitric acid doping of CNTs and CVD graphene show no significant drop
in transmittance, while reducing the resistance by about 60%.° However, doping with bromine
and iodine imparts a significant drop in transmittance after treatment. Doping with those
halogens resulted in ~20% loss in transparency with comparable reductions in resistance.
Optical transmittance measurements of G-CNT films across the UV-visible spectrum show that
doping with SOCI, does not affect the transparency of G-CNT films, but it does enhance the
electrical properties (Figure 2.10 and Table 2.1). The inset images of a G-CNT substrate before
(left) and after doping (right) are shown to visually verify that essentially no change in

transparency or film quality has occurred.
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Figure 2.10 Optical transmittance of thionyl chloride treated G-CNT films. Inset:
photographic images of a G-CNT substrate before (left) and after doping (right) show
essentially no change in transparency. Figure 2.10 is reprinted with permission® © 2011,

Royal Society of Chemistry

Table 2.1 Optical and electronic properties of G-CNT composite films before and after thionyl

chloride treatment. Table 2.1 is reprinted with permission® © 2011, Royal Society of Chemistry

G-CNT Sample  Optical Sheet Peak Raman

Transmittance Resistance Intensity

Untreated 82 % 425 Q/o 1592 cm™

SOCI, doped 82 % 103 Q/o 1600 cm’™

To further characterize the electronic properties of the different graphenes, flakes of CCG
and pG were placed onto aligned substrates and gold electrodes were patterned using e-beam
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lithography. The resistance data were collected before and after exposure to SOCl, (2.11 a,b).
As metals are susceptible to corrosion when exposed directly to thionyl chloride, in vacuo gate
modulation measurements were not collected to observe the shift in the Dirac point from its
origin. Nevertheless, we found appreciable resistance drops, and attribute them to the adsorbed
chlorines along the basal plane of both graphene sheets, which ionically contribute holes to the
conjugated sp” network. Additionally, the enhanced properties are believed to arise from C-Cl
bonds resulting from newly formed charge-transfer complexes. Figure 2.11c shows a computer-
generated illustration of a graphene sheet being decorated with chlorine along the edges and

basal plane, which increase the number of holes in the conjugated sp” network.
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Figure 2.11 Four-point probe measurements taken across single CCG and pG flakes of
similar dimensions show a significant decrease in resistance after doping. (a) A single CCG
flake shows an ~73% decrease in resistance, while (b) mechanically exfoliated graphene
shows an ~44% decrease in sheet resistance. (c) A computer generated illustration of a
graphene sheet being decorated with chlorine along the edges and basal plane, which
increases the number of positive charge carriers in the conjugated sp network. Figure 2.11

is reprinted with permission® © 2011, Royal Society of Chemistry

While the bonding in pristine graphene is exclusively sp” carbon, chemically converted
graphene contains residual oxygen moieties, which can be readily functionalized for other
applications. It was therefore assumed that pristine graphene would be less responsive to
chlorination and more susceptible to sulfonation, as seen for other graphitic systems. However,

based on the XPS, EDX and Raman spectra, we conclude that vapor-phase thionyl chloride
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decomposes more readily and the resulting chlorine anions can effectively chlorinate oxygen-
containing graphene through a dehydration mechanism and the edges of peeled graphene through
halogenation reactions. Additionally, chlorine anions adsorb onto the basal plane of graphene,
which also enhance the p-type behavior of the graphitic systems. Electrons residing on graphene
are drawn towards the chlorine, which creates hole charge carriers in the graphitic systems and
leads to a substantial decrease in resistance. Another reason for the increase in conductivity
stems from morphological changes in the graphene thin films, which brings the sheets into closer
proximity to each other. In addition to enhancing the electrical properties, we observe that the
transparency of the G-CNT films is preserved. SEM and AFM images indicate that this vapor
treatment can lead to wrinkles and induce aggregation of sheets and carbon nanotubes when they
are in close proximity to each other. These results provide insights into the mechanism of
functionalization of graphene and carbon nanotubes with vapor-phase ions and demonstrate a

simple method to improve conductivity without sacrificing transparency of graphitic films.

2.7 Conclusions and Future Outlook

Solution processing CCG in hydrazine represents a straightforward and scalable method to
make a graphene derivative useful for transparent electrode applications. The work presented in
this chapter further demonstrates a method to solution process fullerenes and carbon nanotubes,
and hybrid mixtures of them. The materials can be solution processed individually or together
and stenciled into desired locations using PDMS elastomeric membranes. This method is
certainly not limited to the materials described here and could be extended for patterning other
solvent dispersed derivatives of fullerenes, carbon nanotubes and graphene layers. Chemical
exposure, specifically thionyl chloride, provides pathways for improving the overall electronic

properties of graphitic structures. With future work, the strategies outlined here are capable of
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delivering entirely carbon-based flexible electronic platforms that represent the building blocks

for new and exciting nano-electronic and energy storage materials.
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Chapter 3: Bottom Up Synthesis of Graphene

3.1 Switching Synthetic Methods: An Alternative Strategy for Isolating Large Area and

Highly Crystalline Graphene

As mentioned in the previous chapter, there were numerous accounts detailing the
synthesis of graphene using solution-based methods. The chemical reduction of graphene oxide
sheets into CCG can indeed produce large and scalable quantities, which are useful for thin film

applications and more recently energy storage.' >

The drawback from this approach is that the
electrical properties do not rival those of exfoliated natural graphite. This is largely due to a
combination of two factors. First, the basal plane of the graphite lattice is irreparably damaged
during the oxidation process — imagine crumpling a sheet of paper and then trying to smooth it
out afterwards.*” Second, the reduction to reduced graphene oxide, or CCG, produces point
defects and vacancies in the lattice.”” Indeed, several groups have successfully demonstrated
impacting applications to utilize this material, mainly where high surface area is required.”” The
take home message is that solution processing routes to graphene produce derivatives, analogous
to what PCBM is to buckminsterfullerene.”

In 2010 research teams took a step back to survey the progress.” After sifting through the
developments, one method in particular emerged as a viable route to make a more pristine
graphene-like material, Chemical Vapor Deposition (CVD). Graphene has been grown on a

10-13

variety of metals, for example Ru, Ir, Ni and Cu. Interestingly, the synthesis of monolayer

graphite or graphene on metal surfaces has been investigated since the 1970°s."*

They attribute
this deposition to the solubility of carbon into these metals as a key component in the synthesis,

and the stability/bonding of the monolayer graphite on the surface can be ascribed to electron
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transfer from the substrate into the 7 band of graphene."” Early in its development, the CVD
process typically yielded a monolayer with polycrystalline domains, each being relatively small.
After a few years of intense optimization, it was found that CVD of graphene can produce large
domains, up to the millimeter scale, having the same properties as the exfoliated counterpart.'
The synthesis of graphene via CVD is still somewhat of a Pandora’s box, because there are so
many variables, but theories suggest that copper (111) is the best surface to grow graphene'”'®
(likely related to the orientation of the available d-orbitals on copper) and that suppressing the
loss of copper, due to pressure variations and high temperature migration, allow the formation of
large domains.'®

There is still much work to be done in this area, if graphene is ever to make the impact
researchers initially promised. First, graphene synthesis needs to be performed at low
temperatures if it can be integrated into standard chip processing (ICP). Next, a more reliable
and less destructive method to transfer graphene must be found, such that the catalyst-loss is
significantly reduced. Finally, a method to selectively augment regions with other elements
should be realized, such that the band structure can be reliably controlled. It is likely that these

three landmarks will be achieved in the near future, but there are still many ways to exploit the

materials created along the way.

3.2 Building a Chemical Vapor Deposition Reactor

Chemical Vapor Deposition is a generic name for a group of processes that involve the
deposition of a solid material from a gaseous phase and is similar to physical vapor deposition
(PVD), albeit the PVD process uses solid precursors that are then vaporized and deposited. This
thin film process takes place at the molecular level building from the “Bottom-up”, driven by

thermodynamics and kinetics of the precursor chemistry, the dynamics of heat and mass
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transport and the physics of surface adsorption and crystal growth. This process yields coatings
that are of high purity and never more than a few microns in thickness. In the gas that produces
graphene, it is ideal to control the deposition of atomic layers. There are also several variations
to the CVD process, such as: atmospheric pressure, low pressure, metal-organic, plasma-assisted,
laser and photochemical Chemical Vapor Deposition; chemical vapor infiltration and chemical
beam epitaxy. For the CVD synthetic process, much of the learning curve is a result of acquiring
an intimate knowledge of vacuum system, surface science, fluid and thermodynamics.

Background reading, for those mentioned topics, can be found in the following textbooks:

1. Jousten, Karl. Handbook of Vacuum Technology. Wiley-VCH, 2008. Hardcover

2. Somorjai, Gabor and Li, Yimin. Introduction to Surface Chemistry and Catalysis.
Wiley, 2" Edition, 2010. Hardcover

3. Masel, Richard. Principles of Adsorption and Reaction on Solid Surfaces. Wiley-

Interscience, 1996. Hardcover

A typical CVD system includes: a gas delivery system, reactor chamber, substrate bay,
energy source (resistive heating coils, radiant heating halogen lamps, radio frequency induction
heaters and laser), vacuum system, exhaust system, exhaust treatment system and process control
equipment. Once a system is in place, precursor gasses are delivered into the reaction chamber
and there they pass over or come into contact with a heated substrate or chamber. The act of
reaching the substrate is called passing the “boundary layer”, consisting of gaseous “fluids”
composed of carrier gas at a given pressure. The precursors will inevitably react and/or
decompose and then form a solid phase, which is absorbed into or adsorbed onto the substrate.

Controlling the thermodynamics of the system plays a critical role in this process and can
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influence reactions that can take place. The components of the CVD system built in the Kaner
laboratory, at UCLA is described below in Figure 3.1. The schematic is made up of several
components to control: the flow rate of the gasses, system pressure and temperature of the
reactor. The rounded square enclosure in Figure 3.1 represents the area that should be mounted

on a wall and stable bench top.
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Figure 3.1 Schematic of a Chemical Vapor Deposition reactor that can be used to grow graphene.

To control the flow rate of a system, regulators and mass flow controllers are required.
The gas sources for graphene synthesis are generally high purity methane, hydrogen and argon,
which are injected into the system from pressurized tanks (B) and specialized regulators (A).
The gases flow through stainless steel tubes (C) connected with VCR® (preferred for ultra-high
vacuum) or Swagelok® fittings (F). The tubes with gasses are then directed towards and into
mass flow controllers (D), which regulate the flow rate of the gasses when connected to the
power source (I). The power sources, generally serve dual purposes to also shut off and on the
gases at (D); however, the gasses can be turned on and off manually using needle valves (E).
Once the gasses are flowing, the pressure throttle is used to monitor and regulate the pressure of

gas via a moving butterfly valve. Once a desired gas pressure set point and flow rate are
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established, they flow through quartz tubes (K), connected with metal/glass fittings (L) and into
the heated reactor zone (J) and reacts with, in this case metal catalysts, to graphitize carbon
precursors into graphene. The gasses exit the reactor and the pressure can be monitored again
using a robust Pirani gauge (M), which monitors the gasses pressures in terms of thermal
conductivity. The Pirani gauge is fitted onto the system using HPS ISO-KF® fittings. The
gasses can be scrubbed at this point using a cold trap or catalyst scrubber attachment, placed
between (N) and (P). The gasses can be trapped in the reactor at any given point by closing off
the needle valve at (E) and the Bellows® valve (P). The gasses exit the system through the

vacuum pump (Q) and to exhaust at (R).

3.3 Chemical Vapor Deposition of Graphene from a Range of Hydrocarbon Precursors
3.3.1 Impetus for Using Copper Catalysts to Grow Monolayer Graphite

Since the first practical demonstration in 2009, Chemical Vapor Deposition (CVD) of
graphene on nickel and copper substrates has become a widely utilized method for synthesizing

large-area graphene.'>"”

While mostly monolayer graphene can be grown, small variations in
the growth conditions have large effects on the properties of the final graphene produced.”
Conditions such as the substrate metal, the system pressure, and the chemical precursor each
factor into the quality of CVD-grown graphene. Nickel was the first metal catalyst shown to
produce graphene, but it is very difficult to avoid multilayer growth. Li et al. demonstrated the
growth and isolation of single-layer graphene on copper and showed that the process is self-
limiting at low pressure due to the lower solubility of carbon in copper.”’ In contrast, growth on
copper at atmospheric pressure can result in multilayer growth.”'** While methane is the most
studied carbon source for CVD of graphene, graphene of comparable quality can be made using

liquid and solid carbon feedstock’s as well as olefin gases.”>
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Several factors are important in controlling the number of layers of CVD-grown
graphene. Although, bilayer graphene has recently been grown from methane by varying the
cooling time,” the reductive gas flow,”® the growth time® and epitaxially’® via an additional
growth process in the presence of a fresh copper foil, there is little explanation fully describing
the mechanism of bilayer graphene growth.>**>° Since extended growth times are required for
secondary growth, it seems likely that the concentration of the precursor gas plays a critical role
in controlling the number of layers.

To study the effect of carbon concentration from alkane gases on graphene growth, we
investigate ethane and propane hydrocarbon precursors, which contain two and three times more
carbon than methane, respectively. The growth pressures were varied (250 — 1000 mTorr), while
other conditions such as flow rate, temperature and time were fixed. In the present work, mono-
and bilayer graphene are controllably grown on high purity copper foils using ethane, while
propane produces single to few layer and turbostratic graphene.

Using fixed flow-rates, temperature, growth and cooling times, we systematically varied
the pressure of the hydrocarbon precursors to examine the effect of carbon concentration. We
find that larger aliphatic hydrocarbon gases at relatively low-pressure (<1 Torr) can produce
single, bilayer and multilayer graphene, whereas methane only forms single layer graphene. We
characterize and compare the graphene with optical microscopy, scanning electron microscopy
and transmission electron microscopy (TEM), Raman spectroscopy and UV-Vis spectroscopy.
The data provide insight into the growth mechanism of single and bilayer graphene on copper.
To our knowledge, this is also the first report discussing CVD of graphene on copper using

ethane and propane feedstock gases.
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3.3.2 Characterizations and Analysis

Graphene films were separated from the copper catalyst supports through a transfer
process, explained in Section 3.3.5, and placed onto various substrates for analysis. Figure 3.2
shows optical micrographs (OM) of graphene samples that were grown with methane, ethane and
propane and were transferred onto silicon substrates with a 300 nm oxide layer. For all growths
with methane, the graphene films are visually the same. Interestingly, the larger hydrocarbon
precursors produce films that appear to have a variation of color contrast under the optical
microscope. This color variation is a result of additional layers interfering with the reflected
light.’! The data, in Figure 3.2, suggest a trend that higher concentrations of carbon from ethane
and propane, result in thicker films of varying quality. Another interesting result is the films
grown with propane (Figure 3.2 g, h and i) yield multilayer graphene. In fact, these layers can be
stripped away mechanically and even under a gentle flow of air. The bright pink area shown in
Figure 3.2 indicates the true thickness of the film, while the dark gold regions are where the

graphene layers have been stripped away.
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Figure 3.2 Optical micrographs of graphene grown with methane (a-c), ethane (d-f) and propane
(g-1) at 250, 500 and 1000 mTorr growth pressures, respectively. The graphene was transferred
onto a silicon substrate with a 300 nm oxide layer. Scale bar represents 20 pm. Figure 3.2
reprinted with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim



The graphene grown from ethane gas shows a significant change when the pressure is
increased; bilayer graphene becomes the dominant form. High-resolution SEM images of
ethane-synthesized graphene (Figure 3.3) reveal darker, more conductive bilayer regions
covering the first layer. Since the only variable changed was the growth pressure, we attribute
the additional growth to a higher concentration of carbon during the reaction. The SEM images
of ethane-grown graphene were used, in conjunction with ImageJ freeware, to calculate the type
and percent coverage of graphene based on relative color intensities. The analysis infers that up
to 75% bilayer graphene can be grown with ethane at 1000 mTorr pressure, and is graphed in
Figure 3.3f. Within these growth conditions, methane yields single layer graphene, therefore
SEM analysis was not performed. SEM images of graphene grown with propane can be seen in
Figure 3.4 and show that single layer growth is much more difficult to obtain. Instead, growths
of multilayer graphene and turbostratic graphene, as explained later, are observed within these

parameters.
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Figure 3.3 Scanning electron micrographs of graphene grown with ethane at increasing
pressures (250, 500 and 1000 mTorr, respectively) show the appearance and growth of a second
layer. These films were transferred onto silicon wafers with a 300 nm thick silicon dioxide layer.
Coverage statistics (b, d, f) were tabulated and graphed to illustrate the growth trends of
graphene layers at different pressures. At 250 mTorr (a) a single layer (black circle) is
controllably grown, but at 500 mTorr (¢) ~49% bilayer coverage (blue circle) is observed with
1% few layer graphene (green circle) and at 1000 mTorr (e) ~75% bilayer coverage is observed
with small regions containing ~2% few layer graphene. Scale bars represent 1 um. Figure 3.3
reprinted with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim
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Figure 3.4 Scanning electron micrographs (SEM) of graphene grown with propane at increasing
pressures (250, 500 and 1000 mTorr, respectively) show the growth trend of graphene with a
larger hydrocarbon gas. These films where transferred onto silicon wafers with a 300 nm thick
silicon dioxide layer. At 250 mTorr growth conditions (a) there is evidence for bilayer graphene,
seen as dark regions. At 500 mTorr (b) the bilayer region coverage increases and the larger dark
spots, indicative of few layer graphene, become more prevalent. Finally, at 1000 mTorr growths
(c), the number of layers dramatically increases. Scale bar represents 1 um. Figure 3.4 reprinted

with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Raman spectroscopy was used to assist in quantitatively determining the number of layers
of graphene and to gauge the crystallinity by noting changes in the spectral fingerprint.**> Again,
the graphene was transferred onto silicon with a 300 nm oxide layer. Full Raman
characterization for all gases can be found in Figure 3.5. Graphene growths with methane (at all
pressures) show the characteristic Raman signals for single layer graphene and have expected
G:2D peak intensities of roughly 0.25 - 0.30. The graphene grown from ethane, as described in
more detail later, shows single and bilayer Raman signatures that vary as the pressure is
increased. The Raman spectra resulting from propane show the presence of a D (~1345 cm™)

and a D’ (~1615 cm™) peak budding from the G peak. Furthermore, the intensity of the D peak

71



linearly increases with the growth pressure of propane. The increasing disorder is suggestive of
turbostratic graphene,’' (rotationally disordered multilayer graphene) and also graphene with sp’
defects.”’ We attribute the lower crystallinity of the films to oversaturation from carbon species

and from different cracking pathways of the precursors, as described later.
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Figure 3.5 Raman spectra of graphene films grown at different pressures and with different
hydrocarbon precursors. (a) Spectra were measured with a low power laser, at wavelength of
514 nm and laid out in sequence to show an overall trend in graphene crystallinity as a function
of pressure (M—methane, E—ethane and P-propane). Figure 3.5 reprinted with permission,

copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The growth of bilayer graphene from ethane was studied with Raman spectroscopy as a
function of pressure. Figure 3.6 show that ethane-grown graphene exhibits a significant change
in the 2D band as the pressure is increased from 250 to 1000 mTorr. The spectra were
normalized so that the G peaks are of equal intensity. At pressures of 500 and 1000 mTorr, the
2D peaks change in shape, width, position and intensity, indicative of additional layers. The full
width at half maximum (FWHM) of the 2D peaks (Figures 3.6b,c) are up-shifted, broader,
asymmetric and contain 4 Lorentzian bands; a result of interactions between the graphene

planes.”*

The 2D peaks, of graphene grown with ethane at pressures of 250-1000 mTorr, were
further analyzed through Raman contour mapping of a 400 um” region (Figure 3.6d). The bar
below each map displays values in wavenumbers (cm™). The FWHM values of the ethane-
grown graphene increases as a function of pressure from ~33 cm™ at 250 mTorr, to ~50 cm™ for
1000 mTorr (see also Figure 3.12), and are in good agreement with values obtained by other

9
groups.””
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Figure 3.6 Raman spectra and maps of graphene films grown at different pressures using ethane.
(a) Raman spectra placed in sequence show changes in the G and 2D ratio- as a function of
pressure. Lorentzian fits of the full-width at half maximum from the 2D peaks for graphene
grown with ethane at (b) 500 mTorr and (c) 1000 mTorr show that the 2D band is split into 4
components: 2D1B, 2D1a, 2D24, 2Dz2B, indicative of bilayer interaction. (d) Raman mapping over
a 20 x 20 um” scan area for the FWHM of the 2D peak shows single to bilayer graphene areas at
different pressure growths with ethane gas. The values of the color gradient bars below are in
wavenumbers (cm™). Figure 3.6 reprinted with permission, copyright © 2012 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim
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Transmission electron microscopy is a powerful tool to ascertain crystallographic
information and also to determine the number of graphene layers. Unlike high-resolution TEM
images, which have been typically used to show the graphene edges, selective area electron
diffraction (SAED) patterns have the benefit of allowing one to not only differentiate single from
bilayer graphene, but also the type of stacking (AA vs. AB). Briefly, single and bilayer graphene
can be quantitatively identified by peak intensities; the former has a two atom and the latter a
four-atom basis set. The structure factor calculated using these basis values allows us to
determine whether the peak intensities are from single layer or bilayer graphene. Additional
distinction between single and bilayer graphene can be obtained by measuring the diffraction
peak amplitude as a function of reciprocal space distance. After correcting for the Rutherford
cross-section and the Debye Waller effects, the structure factor of the basis for single layer
graphene has a 4-1 value (between the first and second order diffraction peaks) and a 16-1 value
for AB bilayer graphene. Simply, the diffraction intensity line profiles, collected from SAED
patterns, will distinguish single from bilayer graphene based on the relative intensities of the
inner and outer peaks.

TEM samples were prepared by transferring the resulting graphene on top of a specially
prepared silicon nitride support with a thin amorphous silicon dioxide window (~20 nm thick),
which accounts for the diffuse rings seen in the diffraction patterns. The diameter of the
illuminated area in each SAED pattern is ~250 nm. Diffraction patterns shown in Figure 3.7 a-e
correspond to graphene grown at 1000 mTorr with methane, 250 — 1000 mTorr with ethane and

250 mTorr with propane, respectively.
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Figure 3.7 TEM selective area electron diffraction (SAED) patterns of single and bilayer
graphene, diffraction intensity line profiles and low-resolution TEM (LRTEM) images. Normal
incident diffraction pattern of (a) single layer graphene from methane grown at 1000 mTorr, (b)
single layer graphene from ethane grown at 250 mTorr, (¢ and d) bilayer graphene from ethane at
500 mTorr and 1000 mTorr and (e) bilayer layer graphene from propane grown at 250 mTorr.
Representative line profiles for (f) single layer and (g) bilayer graphene show the differences in
diffraction intensities. LRTEM images of graphene grown with ethane at (h) 500 mTorr, (i)
1000 mTorr and with propane at (j) 250 mTorr, from many angles, show the actual size of each
crystalline domain (red arrows) to be around 500 nm across, although SEM shows the actual
coverage is much larger. The purple arrow indicates silicon residue from the etch process.
Figure 3.7 reprinted with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim
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SAED analysis shows that films grown with higher pressures of ethane are AB stacked.
The changes in relative peak intensities can be seen in the characteristic line profiles shown in
Figure 3.7f (single layer graphene) and 5g (bilayer graphene). The peak intensities (outermost to
innermost) of ~1:1 correspond to single layer graphene, while ~2:1 represents bilayer graphene.
Methane in all cases produces single layer graphene and the 1000 mTorr case was chosen to
show the high crystallinity and single layer diffraction for growths at the highest pressure.
Graphene grown with ethane at 250 mTorr produces single layer graphene and the diffraction
intensities reflect this, while higher pressures exhibit a ratio of 2:1, suggesting AB stacking in the
areas of bilayer coverage. Films grown at 250 mTorr with propane produce diffraction patterns
for bilayer graphene. Films produced at 500 and 1000 mTorr were too thick and were not
analyzed with TEM due to transparency issues. For more information on the transmittance of

each product, see the UV-Vis data in Figure 3.8.
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Figure 3.8 UV-Vis spectra from graphene transferred onto fused quartz discs. Methane at all
pressures produces films with a transmittance (at 550 nm) of ~97%, indicative of single layer
graphene. At varying pressures, ethane and propane will produce films with ranging
transmittances, suggesting an increase in film thickness. Figure 3.8 reprinted with permission,

copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To characterize the domain size of the bilayer regions, we collected low-resolution TEM
images. Huang et al., showed that CVD graphene is comprised of a patchwork of polycrystalline

domains.”® Images collected at various diffraction angles show the bilayer graphene grown with
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ethane at (5h) 500 mTorr, (51) 1000 mTorr and with propane at (5j) 250 mTorr are composed of
crystalline facet around 500 nm across, although SEM images show that the actual coverage is

much larger.

3.3.3 Single Layer Graphene Growth with Methane on Copper: Scanning Tunneling
Microscopy Analysis

Knowledge of material growth mechanisms on solid supports allows scientists to grow
materials with highly desired properties. In heteroepitaxy, lattice matching between deposited
materials and single crystal substrates dramatically affects the properties of grown materials.
Small atomic lattice mismatches between substrates and the growth materials will create a
significant amount of strain in single crystal films,’” which can result in highly desired electronic
properties or harmful defects.’® In addition, when growing ionic films on metallic single crystals,
the initial facet identity and mobility of the underlying substrate greatly influence the resulting
surface structures. In these systems, a strong interfacial binding between surface charges on
vicinal metal surfaces and ionic overlayers®* drives massive surface restructuring and selective

142 These exemplary studies illustrate the significant role of

growth on specific metal facets.
substrate — overlayer interactions.

In collaboration with Professor Jim Gimzewski, we obtained Scanning Tunneling
Microscope (STM) topographs of as-grown graphene produced by the thermal decomposition of
methane on high purity polycrystalline copper disks. The STM allows us to observe the
morphology of samples over several hundred square nanometers and to obtain atomic resolution
of graphene’s carbon lattice at specific surface features of interest in a single experiment. The

pristine graphene lattice is shown to exist over the copper substrate despite underlying features

that are generally thought to create defects in a growing overlayer. Defect-free graphene is
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observed over edges and vertices of the copper substrate where line and point defects are
expected by conventional wisdom. Furthermore, the perfect lattice is observed over crystalline
facets of a different symmetry than graphene and over highly stepped surfaces, both of which

should inhibit efficient sheet extension.

3.3.3.a Sample Preparation and Imaging for the STM Study

Graphene was grown by Chemical Vapor Deposition (CVD) of carbon from a mixture of
high purity methane (CH4) and hydrogen (H,) gases at 1000 °C in a tube furnace. Copper disks
were loaded into a quartz tube and heated to 1000 °C over a period of ~40 minutes under a
constant flow of H, gas. Samples were held at 1000 °C for 10 minutes before addition of
methane. A flow rate of 100 sccm was used for CHy4 at a partial pressure of 6 Torr and a flow
rate of 25 sccm was used for H; at a partial pressure of 1.5 Torr. After 20 minutes CHy4 flow was
stopped. The sample was then cooled at a rate of ~20 °C/min under a 1.5 Torr atmosphere of H,
gas. Copper disks were purchased from Alfa Aesar with the following characteristics; diameter
= 9.0 mm, thickness = 0.8 mm, and percent purity = 99.9995%.

Samples were imaged under ambient conditions using a home-built scanning probe
microscope housed in a custom-built enclosure. All images were acquired in constant current
mode with tunneling set-points between 0.2 nA and 30 nA. Typical sample biases were acquired
between -30 mV and -300 mV, referenced to the tip voltage. A Nanonis Universal SPM

Controller was used for all data acquisition.

3.3.3.b Analysis
The polycrystallinity of the copper disc after graphene growth was established through

Raman and XRD (Figure 3.9 a,b). Three low index facets of copper, (100), (110), and (111), are
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clearly oriented in the vertical direction, i.e. accessible to the imaging plane of the microscope.
The only high index facet clearly observed in the diffraction pattern is the (311) plane. While the
substrate polycrystallinity is expected, it is remarkable that monolayer graphene can grow over a
substrate with multiple facets of different identities and whose surface atomic configurations
vary dramatically. The (111) and (100) facets of the face centered cubic (FCC) copper metal
have a “flat” hexagonal and cubic atomic arrangement at the surface of the bare metal with each
atom having 6 and 4 in plane nearest neighbors, respectively. Conversely, the (110) and (311)
facets have complex corrugated atomic arrangements at the surface with significant anisotropy.
These fundamental geometric differences of the facets are expected to have distinct surface

energy potentials, affecting the carbon atom extension differently.
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Figure 3.9 Characterization of as-grown graphene on polycrystalline copper. (a) Typical Raman
spectrum of graphene on a polycrystalline copper substrate (after subtraction of copper
luminescent back- ground). (b) Powder X-ray diffraction pattern of a copper disk after growth.
(c) Typical large area STM topograph of as-grown graphene on a copper substrate: / yeling = Iy =
0.9 nA, Vsample ) Vimple =75 mV. (¢) Atomic resolution STM image of the pristine carbon
honeycomb lattice: 7, = 5.0 nA, V;=-75 mV. Figure 3.9 reprinted with permission, Copyright ©

2011, American Chemical Society

Large area scans of graphene covered copper substrates taken at different locations show
varied surface topography, but with common fundamental features (35.9 c¢). Some areas have

large atomically flat regions that span hundreds of nanometers. Other areas have a highly
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corrugated surface, which is the result of small atomically flat planes oriented in different
directions and with surface areas of a few tens of nanometers. Continuity of graphene was
established through atomic resolution imaging (Figure 3.9d) at features of interest. An STM
topograph of a corrugated area is shown in Figure 3.10a. The surface structure is characterized
by different sets of parallel flat planes intersecting to form edges or vertices. An edge is defined
as the intersection of two distinct planes and a vertex as the intersection of three or more planes.
Atomic resolution images taken in certain flat areas (Figure 3.10b) show a perfect graphene
lattice with a superimposed aperiodic modulation. The height variations proceed for a few
nanometers with localized depressions of a half nanometer in width and up to 30 pm in depth.
These modulations are attributed to defects within the copper substrate since freely suspended
graphene shows larger intrinsic modulation amplitudes of 1 nm and longer coherence lengths of
approximately 10 nm.” The copper may create these variations in the STM topograph where
atomic vacancies exist near or at the interface between the metal and graphene overlayer (3).
This is expected since copper mobility is extremely high at the growth temperature of 1000 °C

and vacancies can become pinned between the graphene sheet and the copper during cooling.
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Figure 3.10 (a) STM topograph of a highly corrugated region of the sample. The magenta
rectangle highlights an atomically flat plane, the blue circle highlights where three positive edges
meet to form a positive vertex, and the orange circle highlights where three negative edges meet
to form a negative vertex. (b) Atomic resolution STM topograph of a graphene sheet above an
amorphous copper plane. (c) Atomic resolution STM topograph illustrating continuous growth
over a copper monatomic step. (d) Schematic illustration of graphene growth “down” (white
arrow) and “up” (green arrow) a monatomic Cu (100) step. Carbon atoms are represented by
black spheres, foremost carbon atoms of the graphene sheet expected to interact with the
monatomic step are highlighted with red spheres, light purple spheres represent copper atoms of
the upper terrace, and darker purple spheres represent copper atoms of the lower terrace.
Imaging parameters are as follows: (a) 7, = 0.5 nA, V,=-500 mV, (b) I, = 0.9 nA, V=65 mV,
and (c) 1/, = 30 nA, V, = -75 mV. Figure 3.10 reprinted with permission, Copyright © 2011,

American Chemical Society
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Within the flat regions, single and double atomic copper steps draped with a continuous
layer of pristine graphene are observed. Figure 3.10c shows an atomic resolution STM
topograph of a graphene sheet crossing over a monatomic copper step. While the continuity of
graphene over monatomic steps of single crystal metal surfaces such as Ru (0001) and Ir (111) is

10,11

known, the mechanism of growth at these features remains an active area of theoretical and

. 44,45
experimental research.™

The growth mechanism associated with the extension of a carbon
front (the foremost atoms of a sheet) “up” or “down” a monatomic metal step is thought to be
fundamentally different (Figure 3.10d). Recent findings suggest that the carbon front terminates
at metal step edges through bonding of the dangling carbon sigma bonds to metal step atoms,
inhibiting upward growth."” However, a different study suggests that the carbon front may
displace metal atoms beneath the sheet and onto nearby terraces in order to accomplish upward

> In the downward direction, growth seems

growth through an etching of the catalytic surface.”
uninhibited and may occur through a carbon dimer extension to a lower terrace.** Each of these
formulations treats the graphene sheet as extending over or affecting a stagnant catalytic surface.
In our experiments graphene continuity over step edges is always observed with no signs of
termination at copper steps and may proceed via a more dynamic growth mechanism.

This study has established the continuity of the perfect graphene atomic structure over a
multitude of surface features on the copper substrate, which are expected to inhibit efficient
growth. Edges and vertices of the copper surface reveal perfect graphene growth where line or
point defects are expected to occur through substrate induced sheet termination. With the
possibility to grow graphene over regularly stepped surfaces, it may be possible to make use of
periodic charge modulation as well as atomic lattice registry for post modification studies. Our

results reveal that graphene growth on copper is a unique system where the underlying substrate

morphology and atomic arrangement does not affect the atomic arrangement of the grown
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material. Finally, our results suggest that the growth of continuous macroscopic pristine

graphene on copper is not limited by the substrate.

3.3.4 Proposed Growth Mechanism of Secondary Layers

The growth mechanism for secondary graphene layers is of great interest. Under these
experimental parameters, we do not find secondary growth with methane, and literature reports
indicate that it is considerably more difficult to grow bilayer graphene with methane. For
example, multilayer graphene growth from methane has been observed in CVD under
atmospheric pressure by using extended growth times or slow cooling rates.”**** Since longer
growth times at relatively high temperatures are required for additional growth on a low carbon
solubility catalyst, it seems likely that higher concentrations of carbon provide the means
necessary for secondary growth. Additionally, bilayer graphene has been epitaxially grown on
graphene coated copper foils by placing a fresh copper catalyst upstream, which produced
“carbon fragments” that migrated to the target graphene.” The authors proposed the catalytic
formation of alkyl radicals or other reactive species that react with graphene to grow a second
layer. This is consistent with surface science experiments that showed a methyl radical source
can be used to grow graphene on HOPG,* and is a possible mechanism for growth of additional
graphene layers on copper.

Growing graphene with methane, ethane and propane provides experimental insight into
the growth process. In addition to higher carbon content, ethane and propane also have
significantly weaker C-H and C-C bond energies than methane. The C-H bond energies for
methane are 105 kcal per mole versus 100 kcal per mole for ethane or propane (1° carbon) and
the C-C bond energies for ethane and propane are only 90 and 88 kcal per mole, respectively.?’

Clearly ethane and propane, will dissociate more rapidly and result in a more facile formation of
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alkyl radicals, which are likely precursors to graphene. In addition, studies involving the

adsorption of alkanes on single crystal copper show the facile conversion of larger alkanes to

alkenes by beta hydride elimination.’'?

This is another possible mechanism by which ethane
and propane are converted to alkene precursors on the surface of copper and form the initial
layer.

Therefore the observation of additional graphene layers with ethane and propane likely
results from alkyl radicals or alkenes that react with edges and defects in the previous layer,
which favor reaction with incoming reactive carbon species.”*® A schematic of this process can
be seen in Figure 3.11. Here it is illustrated that carbon radicals will quickly graphitize onto the
copper surface, while dangling carbons on the first graphene layer will bond with incoming alkyl
fragments and seed additional layers of graphene. In the most extreme cases, vertical growth

will occur fairly rapidly, as seen in the case of propane growth at 1000 mTorr. A result of such a

rapid crystallization is lower quality graphene; see the Raman spectra in Figure 3.5.
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Figure 3.11 A schematic of bilayer graphene growth with ethane and/or propane feedstock gas.
(a) Top view is shown with a space-filling model and (b) side view is shown with a ball-and-
stick model. Copper atoms are shown as orange spheres, carbon in black (first layer) and in blue
(second layer) and hydrogen in gray. When the copper catalyst is oversaturated with ethane
molecules, secondary growth is observed. Since ethane has a lower decomposition pathway,
higher concentrations of carbon radical will participate in secondary growth near the edge, where
dangling bonds and defects are more prevalent. Figure 3.11 reprinted with permission, copyright

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Another strong factor in the growth of additional layers with these precursors is the
number of carbon atoms available. Yao et al. show that few-layer graphene can be suppressed
by reducing the flow of carbonaceous gases, such as methane and ethylene, while diluting them
with hydrogen.™ Propane delivers more carbon to the surface and accelerates surface reactions
to produce secondary graphene such that only a combination of single - multilayer graphene is
observed. A plot of the FWHM values for the Raman 2D peak vs. carbon content, Figure 3.12,

illustrates that carbon concentration plays a vital role in the graphitization process and the
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resulting quality of the graphene. In this light, it may be possible to grow uniform single layer
graphene with larger hydrocarbon gases, provided the feedstock gas is appropriately diluted with

a reductive gas like hydrogen, and the growth time is modified.
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Figure 3.12 Plotting the resulting full width at half maximum (FWHM) of the Raman 2D peak
versus the number of moles per liter of carbon show an overall trend suggesting that the number
of graphene layers is likely proportional to the concentration of carbon in the system. Figure

3.12 reprinted with permission, copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim

3.3.5 Selective Growth of Single or Bilayer Graphene: Experimental Details

Graphene is grown inside a 60 mm quartz tube and clam-shell furnace at 1000 °C. Flow
rates of 25 scem for hydrogen and 100 sccm of methane, ethane and propane (Matheson research
purity gases are used at pressures of 250, 500 and 1000 mTorr). 25 pum thick copper (99.999%
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pure) foils (Alfa-Aesar) are loaded into the tube and annealed under the flow of hydrogen for 10
minutes at 1000 °C to remove the oxide and to increase the copper grain sizes. Reactive
hydrocarbon species are introduced and flow in conjunction with hydrogen for 20 minutes.
Finally, the furnace is rapidly cooled.

PMMA (495 PMMA C9, Micro-Chem) was spin-coated and soft baked onto the resulting
graphene-coated foil, at 180 °C for 2 minutes, to protect a graphene layer and act as a support
after the copper is etched away in an aqueous bath of FeCls;, H,O and concentrated HC1 (3.5 g,
100 ml and 10 ml, respectively). A rigid support was used to transfer the graphene/PMMA into
a bath of de-ionized water, where it was rinsed for 30 minutes to remove trace ion contaminates.
Finally, the graphene is scooped up onto a target substrate and gently blown dry under nitrogen
gas. Care was taken to avoid ripping the underlying graphene. A second PMMA layer was
drop-cast onto the initial soft-baked PMMA layer, which dissolves the support and relaxes the
strain in the underlying graphene film. Unlike previously described methods, the photo-resist
was not cured and instead the sample was directly soaked in acetone to remove the polymer
support. The graphene was finally annealed in an argon and hydrogen environment for 6 hour at
300 °C to remove trace PMMA residues.

Optical micrographs of transferred graphene were obtained using a Zeiss Axioplan
microscope at 50x and 100x magnification. A Titan 80-300 microscope was used to collect the
electron diffraction patterns. TEM samples were prepared via transferring graphene onto silicon
nitride substrates with a 3 nm silicon dioxide membrane layer, which was subsequently etched
away in hydrofluoric acid to leave behind a suspended graphene sheet. Optical transmittance
information was collected using a Shimadzu UV-3101PC, UV-Vis-NIR scanning

spectrophotometer. Raman and 2D contour maps were collected on a Renishaw Raman
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spectrometer equipped with an automated stage. A 50x magnification lens obtains relatively

high resolution with each pixel representing ~1 pm? area of the graphene.

3.4 Conclusions

In conclusion, we find that the single layer graphene growth rate is strongly correlated
with the carbon concentration in the CVD reactor. Although each hydrocarbon gas decomposes
into a graphene precursor on the copper surface, the larger molecules decompose and graphitize
more rapidly than methane, consistent with hydrocarbon bond energies and known surface
chemistry. To this end, the growth of additional graphene layers and its quality is directly related
to a change in carbon concentrations. Since ethane and propane decompose via lower energy
pathways, the reactive carbon species produced likely react with edges and defects to form
additional layers of graphene. Finally, our experiments reveal that ethane is the preferred
precursor for growing single and bilayer graphene, since changing the pressure from 250 to 1000

mTorr gives good selectivity without additional growth process and extended growth periods.
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Chapter 4: Graphene Electronic and Bio-Electronic Applications

Initially, graphene was lauded as a replacement for silicon in electronics, potentially
enabling scientists to engineer smaller and faster circuits. While electronic applications may be
important, many other applications have emerged and it seems likely that graphene will provide

a cornerstone for some new and exciting technologies as described here briefly.

4.1 Graphene Flash Memory

Graphene has emerged as a fascinating platform because its planar atomic structure and
high symmetry lead to a variety of superlative electronic and physical properties. Recent
achievements in graphene research have fallen mainly into two categories. First, applications
have been developed that rely on the intrinsic in-plane properties of graphene, such as new types
of circuitry, robust films and photonic absorption. Secondly, applications requiring conductive
thin films have benefited from graphene as a single atomic layer. Growing graphene via
Chemical Vapor Deposition provides scientists access to large area and highly crystalline
material. With this in mind, in collaboration with Prof. Kang Wang’s group we explored using
graphene for information storage, which we named, graphene flash memory (GFM).'

This form of nonvolatile memory utilizes graphene’s high surface area, high work
function and low dimensionality.' Our devices demonstrate that GFM has a 6 V memory
window and using a program/erase voltage of +7 V, long retention time, and low cell-to-cell
interference. The figure of merit from our work can be seen in Figure 4.1. Our results indicate
that the device performance of GFM is promising for achieving flash memory at a fraction of the

current operating voltage.
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Figure 4.1 Graphene flash memory. (a) Schematic of graphene flash memory fabrication and
the figure of merit, the memory window showing that (b) multilayer GFM has a 6 V memory
window and (c) single layer GFM has a 2 V memory window using a program/erase voltage of

+7 V.

Graphene has the potential to exceed the performance of current flash memory
technology by utilizing the exceptional intrinsic properties of graphene, such as high density of
states, high work function, and low dimensionality when compared to the conventional FG and
CT materials. Recently, it was shown that incorporation of an insulating form of graphene,
known as graphene oxide, acts as an effective charge storing layer in CT devices.” In its natural
semimetallic form, graphene can act as the floating gate in FG devices. Finally, the experiments
demonstrate the benefits of graphene as a platform for flash memory.' The high density of states,
high work function, and low dimensionality positively influence device performance, leading to
a wide window of operation at low voltages, long retention time, and low cell-to-cell interference.
The simulations pertaining to cell-to-cell interference further suggest that graphene may be

instrumental in the next round of miniaturization of flash memory.
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4.2 Graphene Electrodes for Nerve Cell Growth

One of the key challenges in medical bionics is to interface with, to stimulate, and
regenerate the human neural system. Enhancing the communication between the electrode and
the neural system will have immediate impact on existing medical bionics devices such as the
cochlear implant, an artificial retina implant, vagus nerve stimulators (for controlling of epilepsy
and pain management) and deep brain stimulators for the control of Parkinson’s disease. More
effective communication would also enable the development of other applications such as nerve
regeneration or effective neural connections to wearable prosthetics. Here, we describe a process
to modify non-conducting materials with graphene to create an electrode capable of electrical
communication with cells without changing the surface or mechanical properties of the
underlying materials. Each of the aforementioned implants require the development of novel
structures and configurations that induce the formation of an effective electrode — cellular
interface.’” This also means that the electrode structure must be cytocompatible and have
controllable mechanical properties.

Typically, attaining such materials is a significant challenge since conductive materials
are often mechanically rigid. The difference between the modulus of the conductive material
and the surrounding tissue can be problematic, both in terms of communication between the
conductor and nerve cells, and the tissue response in the vicinity of the implanted material.
Recent interest in developing a soft, conductive material has led to heightened research into the
use of organic conductors.”

One material with the potential to provide the desired characteristics of bio-electrode
structures, as discussed above, is graphene.® Chemical Vapor Deposition can produce both
single and bilayers of sp” hybridized graphene on metal catalysts. One crucial advantage of this

growth method is the ability to grow and transfer large-area graphene onto a range of different
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>3 Traditionally, this transfer has been achieved through

substrates, followed by metal etching.
the spin-casting of thin layers of poly(methyl methacrylate) (PMMA) onto copper foil followed
by etching of the copper by concentrated HCI and FeCl;. The etching process produces graphene
on PMMA, which is then cleaned and deposited onto a range of substrates followed by polymer
dissolution. We present an abridged process in which graphene is simply transferred onto a
range of PLA and PLGA bio-polymers, the target substrate, via solution casting or melt
processing methods, followed by the removal of copper.

CVD graphene is mechanically robust, opening unique avenues to design conductive,
flexible and biocompatible electrodes with a controllable modulus. It has been found that
multiple layers of graphene will have an effect on the electronic properties of graphene, allowing

M4-16 1 all cases

for the formation of tunable band-gaps in bilayer graphene over small areas.
regarding synthesis, there has been a significant focus on the lattice overlay structure (AB vs.
ABC), which is poorly controlled over large areas. The interest in bilayer graphene for this
application, however, is not the tunable band gap, but rather the conductivity, chemical stability
and mechanical support, which other materials do not provide. Specifically the utilization of
bilayer graphene allows for an increased conductive pathway over rough, flexible substrates. It
is hypothesized that bilayer graphene would conform tightly to the polymer layer while
remaining electrically conductive, as a continuous layer over large vertical height step changes.
As such, the localized stacking parameters of the bilayer graphene were not studied within this
body of work.

Polylactic acid (PLA) and polylactic-co-glycolic acid (PLGA) are biocompatible and
biodegradable synthetic polymers made from polymerization of lactic acid and glycolic acid.

PLGA materials, in particular, have found many applications in several biomedical devices,

starting from their use as bio-resorbable sutures in the 1970s and moving towards more nano-
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technological applications in recent years.'” Increasing the proportion of glycolide relative to
lactide in the polymerization leads to softer films that have higher rates of degradation.'® PLA
and PLGA films were chosen for this study due to the ability to tailor the mechanical properties
within the same family, and for the known biocompatibility of the materials. It is known that
varying the softness of the underlying materials changes the way that nerve cells grow and
differentiate in culture,'” and the use of PLGA materials with different mechanical properties is
expected to change the way that PC-12 cells grow. Recently, it has been shown that CVD
graphene sheets can mimic the surface chemistry of the underlying substrate.”” This principle,
when extended to mechanical properties, could allow for unprecedented control over the
electronic and mechanical environment cells experience during growth and differentiation.

Here we explore the transfer of CVD-grown single and bilayer graphene onto glass
coverslips and a range PLA and PLGA blends, with the final produced structure illustrated in
Figure 4.2. We demonstrate that the rate of nerve cell growth is based on the underlying
mechanical film properties, and not graphene modification, and then provide the first literature
report of electrical stimulation of cells on graphene to enhance the differentiation into a neural
phenotype. These results show that the process of transferring graphene onto non-conducting
biocompatible polymers can be used to create an electrode that is sufficiently conductive for
electrical communication with cells while retaining the mechanical and surface properties of the

base polymer.
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Figure 4.2 Schematic of neural cells growing on the GBP composite produced by modification
of non-conducting biocompatible polymers with graphene. Here, a gold electrode connects to
the graphene coated biopolymer and acts as a working electrode, while a platinum mesh
(suspended above) is used as the counter-electrode. The electrode is shown in the final 2-

electrode cell configuration, used for electrical stimulation of neural cell differentiation.

We demonstrate the utility of large-area graphene as a biocompatible electrode to
stimulate PC-12 nerve cell growth. These experiments are two-fold: first, graphene transferred
onto glass slides was analyzed and then used to stimulate cell growth; second, graphene was also

transferred onto biopolymer supports, such as polylactic acid (PLA), polylactic-co-glycolic acid
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(PLGA) copolymers, which provide a unique electrode structure retaining the mechanical and
surface properties of the underlying materials with a conductive graphene conduit to enable
electrical communication with excitable cells. The growth and compatibility of PC-12 cells on
these graphene-biopolymer (GPB) electrodes was influenced by the underlying polymer.
Differentiation of these cells into neural phenotypes was enhanced using electrical stimulation
through the graphene conductive layer, confirming the ability to communicate with cells grown
on the surface. The process described herein demonstrates that non-conducting, flexible
biopolymer surfaces of desirable mechanical properties can be easily coated with graphene to
create an electrode structure with electrical properties suitable to effectively stimulate cells for a

wide-range of biomedical applications.

4.2.1 Nerve Cell Interactions with Graphene on Glass Coverslips

Initial studies involved the study of graphene’s topology, electrochemical properties and
the cytotoxicity. We set out to first verify the biocompatibility with the cells of interest, PC12
nerve cells. We explored two routes, graphene, which transferred onto glass cover slips and
graphene as grown on copper into culture wells. We found that after 3 days of incubation, the
cells transferred onto glass survived, while those transferred onto graphene on copper did not.
We attribute this to cell culturing conditions, which caused the copper foils to oxidize and
eventually kill the cells. Once this preliminary experiment was concluded, we decided to further
study the nerve cell interactions with graphene and to determine if stimulated growth can be
possible.

We designed a set of experiments to fully characterize the graphene and to determine the
materials properties specifically for this application. First, we obtained cyclic voltammetry (CV)

curves to determine charge capacity and also the redox potential in known electrolytes. Second,

105



we studied the surface topology of graphene to determine the continuity and surface conductivity
using atomic force microscopy (AFM), see Figure 4.3. Third, we designed culture cells in which
nerve cells can be incubated and the current can be applied across the graphene for stimulated
growth. The design of the experiment can be seen in Figure 4.4. In all instances, the experiments
were carried out in triplicates for more conclusive evidence. Stimulated growth and incubation
of the cells was performed over 4 days before growth was terminated and cell counting

commenced.

11.02 nm
9.18
734
551
367
184

0.00

Figure 4.3 Atomic force micrograph (AFM) of graphene on a cover-slip. AFM scans reveal that
the topology of the transferred graphene on rigid glass cover-slips results in micron sized
wrinkles in the film. The small speck near the top is a result of polymer contamination from the

PMMA transfer process.
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Suspended platinum mesh
[ (counter) electrode

— Graphene (working) electrode

Au/Cu connection

well

Glass cover slip

Hydrophobic Cell stimulation setup
graphene on —— Glass slide

glass cover slip

Cell stimulation setup (diagram)

Figure 4.4 Cell stimulation setup using (a) graphene transferred onto glass cover-slips, which are

then placed into a (b) cell well. The set up can be seen in (c) a schematic diagram.

Exciting results revealed that the PC12 nerve cells grow on graphene without the use of
adhesion promoter proteins and preferentially to bare glass slides (Figure 4.5). Cellular growth
was measured using optical micrographs and ImageJ software to count the length and number of
dendrites on the graphene. The results from stimulated growth were not as favorable, as most
cells went into apoptosis. After careful consideration, we determined that this must be due to
the relatively low charge capacity of graphene, in relation to conducting polymers. In this
respect, we attribute the apoptosis to a high charge injection rate from graphene into the cells and
believe that stimulated growth is possible. To better accommodate the cells in a soft

environment, it seemed important to repeat these experiments using soft biopolymer substrates.

107



Glass cover slip (control) Glass cover slip + Graphene

Non differentiated neural cells Neural cell (soma)
With dendrite branches

Figure 4.5 Optical micrographs of PC-12 nerve cells after incubation (a) without and (b) with

graphene.

4.2.2 Graphene-Biopolymer Structures and Nerve Cell Stimulation

Variations in the CVD growth conditions, such as partial pressure, flow rate and
temperature afford the growth of either 1 or 2 layers of graphene on the copper substrate. Raman
spectroscopy clearly identified these regions as single, multi- or few-layered graphene based on
the 2D:G ratio and the FWHM of the 2D peak (Figure 4.6a). The graphene was then transferred
onto a range of PLA and PLGA biocompatible polymer films (PLA, 75:25 PLGA, and 50:50
PLGA) through drop-casting the pre-cured polymer over areas up to 9 cm?, forming graphene-

biopolymer composites (GBP). After a brief curing process, the copper was etched away.
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Figure 4.6 Raman spectra and analysis of graphene used for the cell stimulation studies. a)
Raman spectra of graphene on copper sheets, showing the difference in 2D band excitation
between regions of single layer or few-layer graphene; and b) Raman spectra of assorted

biopolymer composites with and without transferred graphene.

Raman spectral analysis of these GBPs shows both the graphitic G band at ~1580 cm’
and the 2D band at ~2650 cm™, confirming the successful transfer of graphene (Figure 4.6). Due
to signal damping from the soft polymer layer, quantitative analysis of the number of transferred

layers is not possible; however, qualitatively (from the Raman spectra of graphene on copper) it
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can be stated that predominantly bilayer graphene was transferred onto the polymer structures.
Crucial to the confirmation of the successful transfer of bilayer graphene onto the polymers is the
analysis of the full width at half maximum (FWHM) of the 2D peak subsequent to this

21-25
transfer.

To this end, high resolution Raman spectroscopy with an 1800 line/mm grating was
utilized, with analysis of the as grown graphene on copper shows four distinct peaks at 2636 cm™,
2643 cm’, 2671 cm” and 2687 cm’, respectively. Transfer of the graphene onto the
biopolymers results in a red shift of these peaks to 2641 cm™', 2648 cm™, 2664 cm™ and 2679
cm’’, respectively, with a corresponding decrease in relative intensity of the peaks at higher
wavenumbers. This decrease in peak intensity arises from the interaction of graphene with the
polymer substrate causing a change in the way the layers vibrate in respect to each other. Such a
change in vibrational mode is analogous to the restriction of the radial breathing modes of single-
walled carbon nanotubes in the presence of polymers or surfactants.”>*® Surface wettability is of
paramount importance for cytocompatibility. To understand the changes in the surface energies
of the GBP structures, room-temperature goniometric measurements were performed using 200
pL droplets of distilled water. PLA films were measured to have a contact angle of 68+12° and
the addition of graphene caused the contact angle to increase to 7547°, indicating only a slight
change in the wettability of the material (Figure 4.7). This change arises either due to the
addition of a hydrophobic surface to the material, or an increased nano-scale roughness after
coating. We hypothesize that as the graphene mimics the surface morphology of the underlying
substrate, the roughness of PLA (after etching) and PLA GBP would be very similar, thus the
slight change in hydrophillicity of the material can be attributed to a minimal change in the
surface energy. Interestingly, there was a dramatic increase in hydrophillicity when PLGA was

utilized, with the resultant contact angle approaching 0 and being immeasurable for both etched
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PLGA and PLGA GBPs. This decrease is attributed to the effect of the change in surface

roughness from the etching process.

b)'

Figure 4.7 Contact angle measurements of 200 pL of distilled water of a) PLA and b) PLA GBP.

The focus of this section is to demonstrate the stimulation of nerve cells on graphene
sheets. To determine the conductivity of the material, sheet resistance values were measured
using both a high impedance multimeter and a linear 4-point probe system. The resistance of
these films was observed to vary greatly dependent on the contact area of the dried films with the
graphene substrate. Typical values of resistance were 10 kQ over a linear 3 cm distance,
measured using a high impedance multimeter. Utilizing a linear 4-point probe geometry, the
sheet resistance of the GBP films was determined to be approximately 1 kQ/o (Table 4.1) for all
of the examined samples. There was a large natural variation within all of the examined samples,
which is attributed to poor contact between the probes and the sample. This poor contact is a
function of both the soft polymer in relation to the significantly stiffer probe and the
approximately 1 nm thickness of the conductive layer. The relatively low resistivity
performance of the GBP composites demonstrates the utility of graphene as a viable electrode

material, which is shown later for the electrical stimulation of nerve cells.
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A 1 cm® (geometric surface area) GBP structure was prepared from a polymer
composition of 50:50 PLGA, and placed into a bath of 1M NaNOs. Using cyclic voltammetry
(scan rate of 0.05 V/s), specific capacitance values were determined to be of the order of 7
uF/cm® (Figure 4.8). This value is near the lower boundary of charge for a Helmholtz double
layer capacitance with a 1 cm® electro-active surface area, expected to be between 5 and 20
uF/ecm®?” % We attribute the measured capacitance value to three possible reasons. First, the
range of expected capacitance values were measured using bulk carbon materials with
resistances of 10 to 100 /o, while these GPB structures use graphene with a sheet resistance of
~1000 Q/o. Second, there is a significant signal loss when making contact to these GBP
structures due to contact resistance. Third, the capacitive response can be affected by the step-

height changes in the polymer that can induce stress in the graphene and increase resistance in

those areas.

—10mV/s|

—8mV/s

Current

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
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Figure 4.8 Cyclic voltammogram of a 1 cm® of 50:50 GBP in 1 M NaNO; showing a largely
capacitive response at slow scan rates of 5 mV/s; higher scan rates of 10 mV/s begin to elicit a

more resistive peak shape.

Atomic force microscopy (AFM) measurements were performed in a phosphate buffered
saline (PBS) solution to replicate the biological environment that was used for cell stimulation
studies. These measurements reveal the presence of step height changes, which could cause a
reduction in the electrochemically active surface area (Figure 4.9). These step height changes
manifest as both sharp height changes within the polymer surface itself (Figure 4.9 aii, d), and as
voids on the surface of the polymer (visible in Figure 4.9 a-c). Root mean square roughness
values attained for each sample correlate with the undulating surface observed through the AFM
imaging with typical roughness values between 30 and 150 nm, with peak to valley roughness

between 300 and 1500 nm (Table 4.1).
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Figure 4.9 20 pum by 20 um atomic force microscopy images detailing the surface morphology
of graphene-polymer composite films in phosphate buffered saline solution; a) 50:50 PLGA; b)
75:25 PLGA; and c¢) PLA; i) polymer surface and ii) GBP; and d) Line profile showing the

topography variation, including step height changes, over the line shown in a) 1).

114



Table 4.1 Summary of the Raman Peak Intensity Ratio for (Figure 4.6) PLA and PLGA
Composite Materials; Highlighting the Change in PLA:PLGA Ratios (Ii410:11440) and the

Addition of Graphene (2D26502G1 580)

Rishesy) (Q/z) l1410:1420 laeso:1550 | Efcompressve) (MPa) Rigms) (NM) R peak o vaney) (NM)
PLA N/A 0.14 N/A 66 + 0.5 125 980
75:25 PLGA N/A 0.36 N/A 75 t 04 92 760
50:50 PLGA N/A 0.37 N/A 76 t 04 60 650
PLA GBP 1000 + 500 0.11 1.2 69 + 0.6 76 890
75:25 PLGA GBP 900 + 200 0.3 1.8 76 +* 03 126 1300
50:50 PLGA BGP 1400 + 800 0.75 1.2 78 * 0.2 34 450

To understand the mechanical properties of these GBP composites under compressive
forces, AFM force measurements were collected using a silicon nitride tip with a spring constant
of 20 N.m™ and maximum applied load of 40 nN. Force mapping curves were collected as a
series of samples in a 32 x 32 array in order to measure the material properties across the GBS
surface. The force maps display the slope (N/m) of the tip-sample contact region, which reflects
the stiffness of the material (i.e. lighter areas are stiffer when using gray scale). The resulting
force curves were found to correspond to a large range of modulus values, ranging between 1
MPa and 500 MPa for each sample. However, the compressive moduli of the GBP composites
were observed to be either equivalent within error or slightly higher than the equivalent PLA or

PLGA films (Figure 4.10).
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Figure 4.10 Slope measurements of force curves taken over a 20 um by 20 pm area using a 20
nm tip radius silicon nitride AFM cantilever in phosphate buffered saline solution, a) 50:50

PLGA; b) 75:25 PLGA; and c) PLA; 1) GBP; and ii) etched polymer only.

The compressive moduli of the films were tested on the macro-scale using a Shimadzu
EZ mechanical analyzer. The indentation of the films by the 1 mm cylindrical probe fitted with a
2 N load cell demonstrated a clear linear response over the maximum total indentation distance
of 200 um. The compressive measurements yielded a compressive modulus according to

Equation 4.1.
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F = 2aE*d

Equation 4.1 Variation of Hooke’s Law for establishing the compressive modulus of a material;
where F = force (N); a = depth into the material (mm); E* is the compressive modulus of the
sample and the probe (Pa); d is the diameter of the probe (mm) and E2 is the compressive

modulus of the sample.

In the case of this mechanical test, the elastic modulus of the testing probe can be
discounted as, using a stainless steel probe, Eprobe >> Esample and the addition of mechanical

properties occurs in series (Equation 4.2)

1 1 1

= +
E* EProbe ESample

Equation 4.2 Expression detailing the addition of two different mechanical moduli; showing the

observed modulus is equal to the sample modulus if the modulus of the probe is sufficiently large.

The slopes of the stress/strain compressive curve moduli were obtained for different
polymers compositions with and without graphene (Figure 4.11). These values, see Table 4.1,
were measured to range between 6.6 MPa for PLA and 7.8 MPa for graphene coated 50:50

PLGA. There was a consistent increase in the overall modulus of the structures with the addition
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of graphene. Incremental increases between 0.1 - 0.3 MPa, correspond to an increase between 2
- 5% of the initial material modulus value. We measured the sheet resistance values before and

after these tests and found that they retained their values ranging from 900 - 1400 Q.o (Table

a) b)
14 1.2
—PUAPLGA 75:25 + Graphene Test 1
—PLA:PLGA 50:50 + Graphene Test 1
1.2 1 —PLAPLGA 75:25 + Graphene Test 2
=—=PLAPLGA 50:50 + Graphene Test 2 w—PLACPLGA 75:25 + Graphene Test 3
1 4 PLAP -
—PLA:PLGA 50:50 + Graphene Test 3 0.8 PLAPLGA 75:25 Test 1
208 = PLAPLGA 75:25 Test 2
~u-; N PLA:PLGA S0:50 Test 1 Tv’ PLA:PLGA 75:25 Test 3
o 06 S 0.6
L(B g PLA:PLGA 50:50 Test 2 LE
0.4 PLA:PLGA 50:50 Test 3 04
0.2 0.2
0 0 T T r
0 0.05 0.1 0.15 0.2 0.25 03 035 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Compression Distance (mm) Compressive Distance (mm)
9
1.2
—PLA + Graphene Test 1
1 ——PLA + Graphene Test 2
0.8 —PLA + Graphene Test 3

PLATest1

PLATest 2

Force (N)
o
[+2]

PLATest 3

0 0.05 0.1 0.15 0.2 0.25 03 0.35
Compressive Distance (mm)

Figure 4.11 Compressive mechanical testing of PLA and PLGA composites with and without

graphene; a) 50:50 PLGA; b) 75:25 PLGA; and c) PLA films.

The comparison of the bulk compressive modulus analysis and the AFM nanometer
surface testing shows a marked difference in the consistency of the resultant compressive moduli,
with the AFM force curves having a significantly broader range of values compared to the bulk
compressive tests. Such variations in the AFM force curves are expected for nanometer scale
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force measurements, especially in complex composite surface systems. Different points are
thought to correlate to areas of wrinkled graphene, sample defects (either polymer uncoated with
graphene or voids within the polymer), and areas where there is poor adhesion between the
graphene and the polymer.”® Such nanometer, and micrometer scale defects are not detectable
using bulk mechanical systems and, as such, these techniques provide independent, crucial,
mechanical information regarding the surface mechanical properties on different scales.

The field of neuro-regeneration is concerned with the repair of nervous tissue and nerve
cells in vivo. It is a matter of great importance because nervous system injuries affect over
90,000 people a year.”' It is widely accepted that in order to regenerate and repair nerve cell
tissue, the application of electrical stimuli to cells from a conducting material is required. We
present here a potentially implantable and conductive composite material capable of facilitating
electrical stimulation for neuro-regeneration.

In order to assess the suitability of these composite materials before the application of
stimuli to cells, the adhesion and proliferation of a rat neural model cell line (PC-12) was first
assessed by Pico Green assay. This assay estimates cell density by measuring the amount of
DNA in solution after lysing the cells. As shown in Figure 4.12, at 24 hours after seeding, there
was no difference in the adhesion and early proliferation of the PC-12 cells on any of the
materials. However, the cell density on 50:50 PLGA, or 50:50 GBP had started to increase over
other materials at 48 hours. This increased proliferation rate continued on to 4 days, with a
significantly increased cell density on both the coated and uncoated materials. After a longer lag
phase, PC-12 proliferation was also increased on the 75:25 PLGA biopolymer at 96 hours, and
again, the cell growth observed was similar for GBP and unmodified PLGA. Cell proliferation
was minimal on PLA, with only a slight increase in cell number after 24 hours. The cells were

observed to be over 97% viable by live/dead (data not shown) on all materials, with no
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differences in cell viability observed between samples. Based on these results, the 50:50 PLGA
material provided the optimal biopolymer formulation and was then used to make the GBP

structures to study the efficacy of stimulated cell growth.
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Figure 4.12 Proliferation of PC-12 cells on modified and unmodified PLGA over 4 days. The
cells were seeded at 3000 cells.cm™ on materials that were not coated with collagen or any other
cell adhesion molecule and the cell densities were assessed at each time point using a Pico Green
Assay to estimate amount of DNA. The cell proliferation wasn’t affected significantly by
graphene coating, but was highly dependent on the underlying polymer, particularly at 48-72

hours.

PC-12 cells differentiate into a neural phenotype when exposed to the protein nerve

growth factor. The degree of differentiation, as measured by the length of neurites expressed by
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32-34
Cells were

the differentiating cells, is known to be enhanced with electrical stimulation.
seeded onto the GBP structures at a density of 2000 cells cm™ in 4 well chamber slides (area =
1.5 cm?®), and changed to differentiation media after approximately 14 hours. Electrical
stimulation was applied for 8 hours per day for 3 days, and the cells were fixed and stained
immediately after the last period of electrical stimulation. As shown in Figure 4.13, the effect of
electrical stimulation on the PC-12 cells was dramatic, with a large increase in the neurite length
and connectivity of the neurites. The cell number, and number of neurites per cell showed no
difference with electrical stimulation (Figure 4.14), but the average length of neurites per cell
was significantly increased (a 2.5-fold increase from 30 um per cell to 75 um per cell, p =
0.00028 for the ANOVA statistic), due to a larger number of longer neurites, as illustrated in
Figure 4.11c. This result is very significant, as it demonstrates both the ability of the composite
material to communicate with cells in order to modify their metabolism by provision of electrical
charge and also because it is the first literature report of enhanced nerve cell differentiation using
graphene electrodes. Crucially the successful electrical stimulation of PC-12 cells, in
combination with the step height changes demonstrated in the AFM height maps (Figure 4.7),

validate the choice of bilayer graphene as the conductive material for the surface modification of

the polymers.
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Figure 4.13 Differentiation PC-12 cells on GBP structures and analysis of image data: a)
Fluorescence microscope without and b) with electrical stimulation. ¢) Shows the results of
image analysis for neurite length performed over 8 mm” area. The error bars show one standard
error of the mean, and the numbers describe the ANOVA statistics for comparison of stimulated
and un-stimulated cells, with * indicating a statistically significant difference. d) Shows a
histogram comparing the frequency of occurrence of neurite lengths in the stimulated and un-

stimulated populations measured.
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Figure 4.14 Cell density and neurite number per cell data derived from image analysis of PC-12
cells grown on 50:50 GBP with and without electrical stimulation, indicating that these
parameters were not affected by electrical stimulation. The error bars show one standard error of
the mean, and the numbers indicated describe the ANOVA statistics for comparison of

stimulated and un-stimulated cells, which were not statistically different.

To confirm that the crystallinity of the graphene in the GBP structure was preserved after
electrical stimulation, Raman mapping and spectral analysis were performed on the collagen-
coated samples with the cells on the surface (Figure 4.15). The Raman spectra were segregated
into three different data sets dependent on the 2D:G ratio (Figure 4.15a) and these data sets were
overlaid with the optical image of the sample. The mapped data correlate with the presence of
cells with a slight decrease in the 2D:G ratio surrounding cells visible in the optical images. This
decrease is attributed to light scattering from the fluids inside the cell in combination with the
low signal intensity from the graphene. Over the bulk of the examined sample, taken through the
cell adhesion collagen layer, the average 2D:G ratio was 2.0+1.5 (mean + standard deviation).
This result confirms the structural stability of the graphene after electrical stimulation and the

successful growth and differentiation of PC-12 nerve cells on GBP composite materials.
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Figure 4.15 Raman spectra of GBP taken after electrical stimulation of PC-12 nerve cells, a)
Raman map of 2D:G intensity ratio for 50:50 GPB composites after cell growth and electrical
stimulation at 10x magnification; this maps demonstrated an average 2D:G ratio of 1.7 + 1.0; and
b) typical Raman spectra demonstrating the presence of bilayer graphene on the surface, and

under the regions of PC-12 cells.

4.2.3 Conclusions to Nerve Cell Stimulation on Graphene Electrodes

We have successfully demonstrated graphene-biopolymer structures useful for cell
stimulation and studied their mechanical and surface properties. The development was made
possible by the novel process of transferring CVD-grown bilayer graphene onto the non-
conducting biocompatible underlying polymer. Examining the interaction of these materials
with PC-12 cells shows the addition of graphene onto the biopolymers did not change the cell-
substrate interaction and the overall cell densities were defined by the underlying biopolymer
composite. The optimal polymer composition (50:50 PLGA) was used to prepare the GBP

structures for the electrical stimulation studies. A previously unseen increase in the average
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neurite length per cell was observed, which demonstrates the efficacy of GBP structures for
supplying charge to cells. In essence, these results show the ability of bilayer graphene to serve
as a material to add surface electrical conductivity over a large area; and over large
morphological features. We have demonstrated the ability of graphene sheets to mimic the
materials surface properties of the underlying substrate, and shown the applicability of a

graphene-biopolymer composite as an electrode to enhance nerve cell differentiation.
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Chapter 5: Future Work

5.1 Growth of Boron Tricarbide Monolayers

At the end of any graduate student’s tenure, there is likely to be a large amount of
unfinished experiments or future studies they wished they could perform. While I spent a large
portion of my final year building a CVD system with old parts, I wished I had time to add a few
parts to the system so that I could grow single layers of boron tricarbide, BC3.' In 1986,
Kouvetakis et al. described the growth of multilayered BCs at atmospheric pressure and with
liquid precursors. This physical vapor deposition process used carcinogenic precursors that
would need to be scrubbed prior to entering the vacuum pump and out to the exhaust. In
addition, a specialized sparge system would need to be integrated into the existing hardware,
such that, the various halogenated species will not react with the carrier gasses until entering the
reactor zone. I would predict that lower pressures would result in fewer layer deposition and
possibly control down to single layer. In addition, since this deposition occurred on quartz, it is

likely that metal catalysts are not needed, but further investigation is merited.

5.2 A Rational Design of Efficient, Graphene-Scaffolded Photo-Catalyst Structures Using
Inorganic and Organometallic Photo-sensitizers

While photo-catalysts have the potential to impact many areas of research such as the
degradation of pollutants and hydrogen generation, many of these routes are hampered by the
lack of thoughtfully designed systems and low efficiency due to recombination of generated
electron-hole pairs. Therefore, the suppression of recombination is of paramount importance for

the enhancement of said photo-catalysts.
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Graphene - a single layer of sp® carbon — is a zero bandgap semiconductor that possesses
a slew of interesting intrinsic properties. For instance, it is highly conductive with superior
carrier mobility, has a wide window of electromagnetic radiation absorption, possesses ample
surface area and can form covalent bonds, ionic bonds or stack via pi-pi interactions with other
aromatic molecules. These properties have been shown to enhance the photo-catalytic behavior
metal oxide semiconductors and organic chromophores by acting as an efficient light scavenger,
scaffold material and electron acceptor.”” For artificial photosynthesis to be realized, on a large
scale, a highly efficient light active photo-catalyst system needs to be developed. Recently, there
has been a report in which graphene was combined with a chromophore to generate and shuttle
electrons to a rthodium catalyst for the enzymatic conversion of CO; into formic acid. In short,
this system is efficient, but, like several other approaches, uses the less conductive graphene
derivative, reduced graphene oxide.

Herein, I describe a new strategy for enhancing the photo-catalytic properties of metal
oxide semiconductors and organic chromophores, using large-area, highly conductive CVD-
derived graphene, and the subsequent shuttling of electrons to organometallic complexes, with

minimum recombination that can be used for a variety of applications.

5.2.1 Technical Approach

Highly crystalline graphene can be grown via CVD on copper substrates and subsequently
transferred onto a variety of surfaces. A few photo-sensitizers have been selected to be
incorporated into this graphene-scaffolded photo-catalyst system. First, titanium dioxide (TiO,)
electrodes have been used to demonstrate the photo-catalytic splitting of water.* Since then,
there has been a great deal of progress in the area of metal oxide semiconductor for applications

in solar energy conversion. For this reason, titanium dioxide nanoparticles will be used as photo-

131



sensitizers because they have had great success with photo-excitation and the generation of

% Second, the organometallic complex, tris(bipyridine) ruthenium (II) or

electron-hole pairs.”>
[Ru(bipy)s]*", will be studied because the excited state has a relatively long lifetime. In the
appropriate ratio, these two materials should be able to convert and transfer generated electrons
and react with pollutants or dyes quicker than the electron-hole recombination rate of graphene.
Alternatively, mild oxidation treatments or doping experiments, as described early, can hamper
this recombination process. The photo-sensitizers described here can be purchased off the shelf
and readily combined with the graphene scaffold via self-assembly, see Figure 5.1. Once
incorporated with graphene, these photo-catalyst structures should be able to split water in the
presence of light and hydrogen evolution should be evident. In addition, it would be useful to

explore the synthesis and exploration of other organic porphyrin-containing chromophores,

described in a recent paper,’ and this will require some organic synthesis and purification.

Figure 5.1 An illustration of a graphene photo-catalyst structure, decorated with catalytic nano-

structures.
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Papers describing photo-catalysis enhancement using graphene, use solution-processed
graphene derivatives. While this is definitely a scalable route to graphene, it is unclear whether
or not this approach will be useful beyond the proof-of-concept stage. For instance, if one
wanted to do actual photo-catalysis and subsequent photo-synthesis of formic acid, alcohols,
glucose etc., it seems problematic to filter out so many materials and isolate a product. Instead,
GPS can be prepared as large electrodes, via roll-to-roll processing, and introduced into aqueous

baths.

5.3 Platinum Decorated, Laser-Scribed Graphene for Rapid Glucose Monitoring

According to the Center for Disease Control (CDC) there were approximately 25.8 million
Americans living with diabetes in 2011, all of which must test their blood glucose levels daily.”
Oddly enough, this makes blood the most commonly tested analyte. Diabetics continuously
monitor glucose levels with a combination of glucose test strips and a wearable glucose
monitoring system. Many diabetics report a discrepancy in recorded values, but have no
alternative but to live with this uncertainty.” The current state-of-the art sensors utilize an
amperometric monitoring system that relies on the use of platinum catalyst surfaces without the
enzyme intermediate, glucose oxidase. This enzyme-less route is promising because the detector
is more stable under environmental conditions, but requires platinum with a moderately high
surface area.® Decorating laser-scribed graphene (LSG) with platinum nano-structures (see
Figure 5.2) would be an attractive alternative to what is currently available in the market for
several reasons. First, the LSG yields a foam-like material with an extremely high surface area
with many vacancies for platinum nano-particles to nestle into. Second, this LSG route appears
to be scalable, cost-effective and because it is conductive, it is easy to decorate with metal

nanoparticles. Third, a proof-of-concept device can be built with little expertise. Finally, the
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cyclic voltammetry measurement is quite straightforward and provides accurate glucose

concentration and detection time.

LASER
SCRIBED

GRAPHENE SHEETS

Figure 5.2 An artist rendering of high surface area, laser-scribed graphene sheets with many

voids for metal nanoparticles (orange spheres) to electro-deposit into.
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